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SUPERSYMMETRY, PART I (THEORY)
(by H.E. Haber)

L. 1. Introduction: Supersymmetry (SUSY) is a generaliza-

tion of the space-time symmetries of quantum field theory that
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transforms fermions into bosons and vice versa. It also provides

a framework for the unification of particle physics and grav-
ity [1-3], which is governed by the Planck scale, Mp ~ 101 GeV
(defined to be the energy scale where the gravitational interac-

tions of elementary particles become comparable to their gauge

interactions). If supersymmetry were an exact symmetry of

nature, then particles and their superpartners (which differ

in spin by half a unit) would be degenerate in mass. Thus,

supersymmetry cannot be an exact symmetry of nature, and

must be broken. In theories of “low-energy” supersymmetry,

the effective scale of supersymmetry breaking is tied to the

electroweak scale [4—6], which is characterized by the Standard

Model Higgs vacuum expectation value v = 246 GeV. It is thus

possible that supersymmetry will ultimately explain the origin

of the large hierarchy of energy scales from the W and Z masses
to the Planck scale.

At present, there are no unambiguous experimental results

that require the existence of low-energy supersymmetry. How-

ever, if experimentation at future colliders uncovers evidence

for supersymmetry, this would have a profound effect on the

study of TeV-scale physics and the development of a more fun-

damental theory of mass and symmetry-breaking phenomena in

particle physics.

I1.2. Structure of the MSSM: The minimal supersymmetric
extension of the Standard Model (MSSM) consists of taking the

Standard Model and adding the corresponding supersymmetric

partners [7].

In addition, the MSSM contains two hypercharge

Y = 41 Higgs doublets, which is the minimal structure for

the Higgs sector of an anomaly-free supersymmetric extension

of the Standard Model. The supersymmetric structure of the

theory also requires (at least) two Higgs doublets to generate
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mass for both “up”-type and “down”-type quarks (and charged

leptons) [8,9]. All renormalizable supersymmetric interactions

consistent with (global) B—L conservation (B =baryon number

and L =lepton number) are included. Finally, the most general

soft-supersymmetry-breaking terms are added [10].

If supersymmetry is relevant for explaining the scale of elec-

troweak interactions, then the mass parameters introduced by

the soft-supersymmetry-breaking terms must be of order 1 TeV

or below [11]. Some bounds on these parameters exist due to

the absence of supersymmetric-particle production at current

accelerators [12]. Additional constraints arise from limits on

the contributions of virtual supersymmetric particle exchange

to a variety of Standard Model processes [13,14]. The impact

of precision electroweak measurements at LEP and SLC on the

MSSM parameter space is discussed briefly in Section I.8.

As a consequence of B—L invariance, the MSSM possesses

a multiplicative R-parity invariance, where R =

(_ 1)3(B—L)+2S

for a particle of spin S [15]. Note that this formula implies that

all the ordinary Standard Model particles have even R-parity,

whereas the corresponding supersymmetric partners have odd

R-parity. The conservation of R-parity in scattering and decay

processes has a crucial impact on supersymmetric phenomenol-

ogy. For example, starting from an initial state involving ordi-

nary (R-even) particles, it follows that supersymmetric parti-

cles must be produced in pairs. In general, these particles are

highly unstable and decay quickly into lighter states. However,

R-parity invariance also implies that the lightest supersymmet-

ric particle (LSP) is absolutely stable, and must eventually be

produced at the end of a decay chain initiated by the decay of

a heavy unstable supersymmetric particle.
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In order to be consistent with cosmological constraints,

a stable LSP is almost certainly electrically and color neu-

tral [16]. Consequently, the LSP in a R-parity-conserving the-

ory is weakly-interacting in ordinary matter, i.e. it behaves like

a stable heavy neutrino and will escape detectors without being

directly observed. Thus, the canonical signature for conven-

tional R-parity-conserving supersymmetric theories is missing

(transverse) energy, due to the escape of the LSP. Moreover, the

LSP is a prime candidate for “cold dark matter”, a potentially

important component of the non-baryonic dark matter that is

required in cosmologies with a critical mass density [17].

In the MSSM, supersymmetry breaking is accomplished by

including the most general renormalizable soft-supersymmetry-
breaking terms consistent with the SU(3)xSU(2)xU(1) gauge
symmetry and R-parity invariance. These terms parameterize

our ignorance of the fundamental mechanism of supersymmetry

breaking. If supersymmetry breaking occurs spontaneously,

then a massless Goldstone fermion called the goldstino (G)
must exist. The goldstino would then be the LSP and could

play an important role in supersymmetric phenomenology [18].

However, the goldstino is a physical degree of freedom only

in models of spontaneously broken global supersymmetry. If

the supersymmetry is a local symmetry, then the theory must

incorporate gravity; the resulting theory is called supergravity.

In models of spontaneously broken supergravity, the goldstino is

“absorbed” by the gravitino (gs/2), the spin-3/2 partner of the

graviton [19]. By this super-Higgs mechanism, the goldstino is

removed from the physical spectrum and the gravitino acquires

a mass (1mgz/).

It is very difficult (perhaps impossible) to construct a model

of spontaneously-broken low-energy supersymmetry where the
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supersymmetry breaking arises solely as a consequence of the
interactions of the particles of the MSSM. A more viable scheme
posits a theory consisting of at least two distinct sectors:
a “hidden” sector consisting of particles that are completely
neutral with respect to the Standard Model gauge group, and a
“visible” sector consisting of the particles of the MSSM. There
are no renormalizable tree-level interactions between particles
of the visible and hidden sectors. Supersymmetry breaking is
assumed to occur in the hidden sector, and then transmitted to
the MSSM by some mechanism. Two theoretical scenarios have
been examined in detail: gravity-mediated and gauge-mediated
supersymmetry breaking.

All particles feel the gravitational force. In particular, par-
ticles of the hidden sector and the visible sector can interact
via the exchange of gravitons. Thus, supergravity models pro-
vide a natural mechanism for transmitting the supersymmetry
breaking of the hidden sector to the particle spectrum of the
MSSM. In models of gravity-mediated supersymmetry breaking,
gravity is the messenger of supersymmetry breaking [20,21]. In
this scenario, the gravitino mass is of order the electroweak-
symmetry-breaking scale, while its couplings are roughly gravi-
tational in strength [1,22]. Such a gravitino would play no role
in supersymmetric phenomenology at colliders.

In gauge-mediated supersymmetry breaking, supersymmetry
breaking is transmitted to the MSSM via gauge forces. The
canonical structure of such models involves a hidden sector
where supersymmetry is broken, a “messenger sector” consist-
ing of particles (messengers) with SU(3)xSU(2)xU(1) quantum
numbers, and the visible sector consisting of the fields of the
MSSM [23,24]. The direct coupling of the messengers to the

hidden sector generates a supersymmetry breaking spectrum
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in the messenger sector. Finally, supersymmetry breaking is
transmitted to the MSSM via the virtual exchange of the
messengers. If this approach is extended to incorporate grav-

itational phenomena, then supergravity effects will also con-

tribute to supersymmetry breaking. However, in models of

gauge-mediated supersymmetry breaking, one usually chooses

the model parameters in such a way that the virtual exchange

of the messengers dominates the effects of the direct gravita-

tional interactions between the hidden and visible sectors. In

this scenario, the gravitino mass is typically in the eV to keV

range, and is therefore the LSP. The helicity :l:% components of

g3/2 behave approximately like the goldstino; its coupling to the

particles of the MSSM is significantly stronger than a coupling

of gravitational strength.

1.3. Parameters of the MISSM: The parameters of the
MSSM are conveniently described by considering separately

the supersymmetry-conserving sector and the supersymmetry-

breaking sector. A careful discussion of the conventions used
in defining the MSSM parameters can be found in Ref. 25. For

simplicity, consider the case of one generation of quarks, leptons,

and their scalar superpartners. The parameters of the super-

symmetry-conserving sector consist of: (i) gauge couplings:

gs, g, and ¢, corresponding to the Standard Model gauge

group SU(3)xSU(2)xU(1) respectively; (ii) a supersymmetry-

conserving Higgs mass parameter p; and (iii) Higgs-fermion

Yukawa coupling constants: Ay, Ag, and A, (corresponding to

the coupling of one generation of quarks, leptons, and their

superpartners to the Higgs bosons and higgsinos).

The supersymmetry-breaking sector contains the following

set of parameters: (i) gaugino Majorana masses M3, My and
M; associated with the SU(3), SU(2), and U(1) subgroups of
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the Standard Model; (ii) five scalar squared-mass parameters
for the squarks and sleptons, M2, M2, M2, M2, and M2
Q" U D L E

[corresponding to the five electroweak gauge multiplets, i.e.,

superpartners of (u,d)r, u§, d$, (v, e7)r, and e$,]; (iii) Higgs-

squark-squark and Higgs-slepton-slepton trilinear interaction

terms, with coefficients A,,, Ay, and A, (these are the so-called

“A-parameters”); and (iv) three scalar Higgs squared-mass

parameters—two of which contribute to the diagonal Higgs

squared-masses, given by m? + |u|? and m3 + |u|?, and one off-

diagonal Higgs squared-mass term, m%2 = Bp (which defines

the “B-parameter”). These three squared-mass parameters can

be re-expressed in terms of the two Higgs vacuum expectation

values, vy and wv,, and one physical Higgs mass. Here, vq4

(vy) is the vacuum expectation value of the Higgs field which

couples exclusively to down-type (up-type) quarks and leptons.

(Another notation often employed in the literature is v = vy
and v2 = v,.) Note that v3 +v2 = (246 GeV)? is fixed by the
W mass (or equivalently by the Fermi constant G'r), while the

ratio

tan 8 = vy /vy (1)

is a free parameter of the model.
The total number of degrees of freedom of the MSSM is
quite large, primarily due to the parameters of the soft-super-

symmetry-breaking sector. In particular, in the case of three

generations of quarks, leptons, and their superpartners, M%,

M%, M%, M%, and M% are hermitian 3 x 3 matrices, and the

A-parameters are complex 3 x 3 matrices. In addition, M7, Ma,

Ms, B and p are in general complex. Finally, as in the Standard

Model, the Higgs-fermion Yukawa couplings, A\ (f=w, d, and

e), are complex 3 x 3 matrices which are related to the quark

and lepton mass matrices via: My = Apvy/ V2, where v, = vy

(with v, and vy as defined above). However, not all these
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parameters are physical. Some of the MSSM parameters can

be eliminated by expressing interaction eigenstates in terms of

the mass eigenstates, with an appropriate redefinition of the

MSSM fields to remove unphysical degrees of freedom. The
analysis of Ref. 26 shows that the MSSM possesses 124 truly

independent parameters. Of these, 18 parameters correspond

to Standard Model parameters (including the QCD vacuum

angle fqcp), one corresponds to a Higgs sector parameter (the

analogue of the Standard Model Higgs mass), and 105 are

genuinely new parameters of the model. The latter include:

five real parameters and three C'P-violating phases in the

gaugino/higgsino sector, 21 squark and slepton masses, 36

new real mixing angles to define the squark and slepton mass

eigenstates and 40 new C'P-violating phases that can appear

in squark and slepton interactions. The most general R-parity-

conserving minimal supersymmetric extension of the Standard

Model (without additional theoretical assumptions) will be
denoted henceforth as MSSM-124 [27].

1.4. The Higgs sector of the MSSM: Before describing the
supersymmetric-particle sector, let us consider the Higgs sector
of the MSSM [8,9,28]. Despite the large number of potential
C P-violating phases among the MSSM-124 parameters, one can

show that the tree-level MSSM Higgs sector is automatically

C P-conserving. That is, unphysical phases can be absorbed
into the definition of the Higgs fields such that tan( is a real

parameter (conventionally chosen to be positive). Moreover,

the physical neutral Higgs scalars are C'P eigenstates. There

are five physical Higgs particles in this model: a charged Higgs

boson pair (H¥), two C'P-even neutral Higgs bosons (denoted

by HY and HY where Mmpo < mHg) and one CP-odd neutral
Higgs boson (A?).
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The properties of the Higgs sector are determined by the

Higgs potential which is made up of quadratic terms [whose

squared-mass coefficients were mentioned above Eq. (1)] and

quartic interaction terms. The strengths of the interaction

terms are directly related to the gauge couplings by supersym-

metry (and are not affected at tree-level by supersymmetry
breaking). As a result, tan/ [defined in Eq. (1)] and one

Higgs mass determine the tree-level Higgs-sector parameters.

These include the Higgs masses, an angle « [which measures

the component of the original ¥ = 41 Higgs doublet states

in the physical C' P-even neutral scalars|, and the Higgs boson

couplings.

When one-loop radiative corrections are incorporated, ad-

ditional parameters of the supersymmetric model enter via

virtual loops. The impact of these corrections can be signif-
icant [29,30]. For example, at tree-level, MSSM-124 predicts
mpo < my|cos26| < my [8,9]. If this prediction were accu-
rate, it would imply that H? must be discovered at the LEP-2

collider (running at its maximum energy and luminosity); other-

wise MSSM-124 would be ruled out. However, when radiative

corrections are included, the light Higgs-mass upper bound may

be significantly increased. For example, in Ref. 29, the follow-

ing approximate upper bound was obtained for m HO (assuming

m g0 > mz) in the limit of mz < my < M; [where top-squark

(t-tgr) mixing is neglected]

2 2
mH?meZ+

3g2m% 2m§L — m%m% 1 M%g m%
n|— — .
16m2m3, m7 m? 3m?%

(2)

More refined computations (which include the effects of top-

squark mixing, renormalization group improvement, and the

leading two-loop contributions) yield m HO <125 GeV for my =
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175 GeV and a top-squark mass of M; < 1 TeV [31]. Clearly, the
radiative corrections to the Higgs masses can have a significant

impact on the search for the Higgs bosons of the MSSM at

LEP [32].

1.5. The supersymmetric-particle sector: Consider the

sector of supersymmetric particles (sparticles) in the MSSM.

The supersymmetric partners of the gauge and Higgs bosons

are fermions, whose names are obtained by appending “ino” at

the end of the corresponding Standard Model particle name.

The gluino is the color octet Majorana fermion partner of the

gluon with mass M = |M3|. The supersymmetric partners

of the electroweak gauge and Higgs bosons (the gauginos and

higgsinos) can mix. As a result, the physical mass eigenstates

are model-dependent linear combinations of these states, called

charginos and neutralinos, which are obtained by diagonalizing

the corresponding mass matrices. The chargino-mass matrix

depends on Mo, u, tan 8 and my [33].

The corresponding chargino-mass eigenstates are denoted

by %Ir and %;r , with masses

M <o = 7+ 1D+ 2y

Xl 7X2

2
7 |l + M + 20 — PP

1/2
— 4miy, sin® 28 4 8m¥, sin 23 Re(uMg)] } , (3)

where the states are ordered such that M>~<+ < M>~<+ If CP-

violating effects are ignored (in which case, My and p are real

parameters), then one can choose a convention where tan 5 and

My are positive. (Note that the relative sign of Ms and p is

meaningful.

The sign of p is convention-dependent; the reader
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is warned that both sign conventions appear in the literature.)

The sign convention for p implicit in Eq. (3) is used by the

LEP collaborations [12] in their plots of exclusion contours

in the My ws. p plane derived from the non-observation of
o X TXT
e'e — Xy Xq.

The neutralino mass matrix depends on My, My, u, tan 3,

my, and the weak mixing angle Oy [33]. The corresponding

. . ~0 .
neutralino eigenstates are usually denoted by X; (i = 1,...4),
according to the convention that Mo < M%o < Moo < Mo.
2

1 Xs X4

If a chargino or neutralino eigenstate approximates a particular

gaugino or Higgsino state, it may be convenient to use the

corresponding nomenclature. For example, if M; and My are

. . =~0
small compared to mz (and |p|), then the lightest neutralino X;

will be nearly a pure photino, 7 (the supersymmetric partner of

the photon).

The supersymmetric partners of the quarks and leptons are

spin-zero bosons: the squarks, charged sleptons, and sneutrinos.

For simplicity, only the one-generation case is illustrated below

(using first-generation notation). For a given fermion f, there

are two supersymmetric partners fr and fr which are scalar

partners of the corresponding left and right-handed fermion.

(There is no v in the MSSM.) However, in general, fL and

fr are not mass-eigenstates since there is fr-fr mixing which

is proportional in strength to the corresponding element of the

scalar squared-mass matrix [34]

mg(Ag — ptan 3), for “down”-type
M%R:{ d(Ag — ptan B) ype Sy

My (Ay — peot 8), for “up”-type f,

where mg (m,,) is the mass of the appropriate “down” (“up”)

type quark or lepton. The signs of the A-parameters are also

convention-dependent; see Ref. 25. Due to the appearance of

the fermion mass in Eq. (4), one expects Mpr to be small
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compared to the diagonal squark and slepton masses, with the

possible exception of the top-squark, since my is large, and the

bottom-squark and tau-slepton if tan 3 > 1.

The (diagonal) L- and R-type squark and slepton squared-

masses are given by [2]

M}% = M%—f— m?c + (T — egsin® Oy )m% cos 23,

L

M}% = M%—f— m?c + ey sin? fyym2, cos 20, (5)
R

where M% = M% [M%] for u; and JL [v;, and €], and

M%:M%, M% and M% for up, dp, and ep, respectively. In

addition, ey = %, —%, 0, —1 for f=u, d, v, and e, respectively,

T f:% [—%] for up-type [down-type] squarks and sleptons, and

my is the corresponding quark or lepton mass. Squark and

slepton mass eigenstates, generically called fl and ]72 (these are

linear combinations of fL and fR) are obtained by diagonalizing

the corresponding 2 X 2 squared-mass matrices.

In the case of three generations, the general analysis is

more complicated. The scalar squared-masses [M % and M % in

Eq. (5)], the fermion masses ms and the A-parameters are now

3 X 3 matrices as noted in Section [.3. Thus, to obtain the

squark and slepton mass eigenstates, one must diagonalize 6 x 6

mass matrices. As a result, intergenerational mixing is possible,

although there are some constraints from the nonobservation

of FCNC’s [1

4]. In practice, because off-diagonal scalar mixing

is appreciable only for the third generation, this additional

complication can usually be neglected.

It should be noted that all mass formulae quoted in this

section are tree-level results. One-loop corrections will modify

all these results, and eventually must be included in any

precision study of supersymmetric phenomenology.
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1.6. Reducing the MSSM parameter freedom: Even in
the absence of a fundamental theory of supersymmetry break-

ing, one is hard-pressed to regard MSSM-124 as a fundamental

theory. For example, no fundamental explanation is provided

for the origin of electroweak symmetry breaking. Moreover,

MSSM-124 is not a phenomenologically viable theory over most

of its parameter space. Among the phenomenologically defi-

ciencies are: (i) no conservation of the separate lepton numbers
L., L,, and L;; (ii) unsuppressed FCNC’s; and (iii) new
sources of C'P-violation that are inconsistent with the exper-
imental bounds. As a result, almost the entire MSSM-124

parameter space is ruled out! This theory is viable only at very

special “exceptional” points of the full parameter space.

MSSM-124 is also theoretically deficient since it provides

no explanation for the origin of the supersymmetry-breaking

parameters (and in particular, why these parameters should

conform to the exceptional points of the parameter space

mentioned above). Moreover, the MSSM contains many new

sources of C'P violation. For example, some combination of

the complex phases of the gaugino-mass parameters, the A-

parameters, and p must be less than of order 1072-1073 (for a

supersymmetry-breaking scale of 100 GeV) to avoid generating

electric dipole moments for the neutron, electron, and atoms in
conflict with observed data [35].

There are two general approaches for reducing the param-

eter freedom of MSSM-124. In the low-energy approach, an

attempt is made to elucidate the nature of the exceptional

points in the MSSM-124 parameter space that are phenomeno-

logically viable. Consider the following two possible choices.
First, one can assume that M2, M2, M2, M2, M2 and the
Q U D L E

matrix A-parameters are generation-independent (horizontal
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universality [5,26,36]). Alternatively, one can simply require

that all the aforementioned matrices are flavor diagonal in a

basis where the quark and lepton mass matrices are diagonal

(flavor alignment [37]). In either case, L., L,, and L, are

separately conserved, while tree-level FCNC’s are automati-

cally absent. In both cases, the number of free parameters
characterizing the MSSM is substantially less than 124. Both

scenarios are phenomenologically viable, although there is no

strong theoretical basis for either scenario.

In the high-energy approach, one treats the parameters of

the MSSM as running parameters and imposes a particular

structure on the soft-supersymmetry-breaking terms at a com-

mon high-energy scale [such as the Planck scale (Mp)]. Using

the renormalization group equations, one can then derive the

low-energy MSSM parameters. The initial conditions (at the

appropriate high-energy scale) for the renormalization group

equations depend on the mechanism by which supersymmetry

breaking is communicated to the effective low energy theory.

Examples of this scenario are provided by models of gravity-

mediated and gauge-mediated supersymmetry breaking (see

Section 1.2). One bonus of such an approach is that one of the

diagonal Higgs squared-mass parameters is typically driven neg-

ative by renormalization group evolution. Thus, electroweak

symmetry breaking is generated radiatively, and the resulting

electroweak symmetry-breaking scale is intimately tied to the

scale of low-energy supersymmetry breaking.

One of the most common predictions of the high-energy

approach is the unification of gaugino mass parameters at some

high-energy scale Mx, i.e.,

Mi(Mx) = Ma(Mx) = M3(Mx) = my 5. (6)
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This is a common prediction of both grand unified supergravity

models and gauge-mediated supersymmetry-breaking models.

Consequently, the effective low-energy gaugino mass parameters

(at the electroweak scale) are related:

My = (g2/g)My, My = (59'2/3¢*) Mz =~ 0.5My . (7)

In this case, the chargino and neutralino masses and mixing

angles depend only on three unknown parameters: the gluino

mass, i, and tan 3. However, the assumption of gaugino-mass

unification could prove false and must eventually be tested

experimentally. For example, the phenomenology of neutralinos

in a model with M; ~ My can differ in some interesting ways

from the standard phenomenology based on Eq. (7), as shown

in Ref. 38.

1.7. The constrained MSSMs: mSUGRA, GMSB, and
SGUTs: One way to guarantee the absence of significant

FCNC’s mediated by virtual supersymmetric-particle exchange

is to posit that the diagonal soft-supersymmetry-breaking scalar

squared-masses are universal at some energy scale. In models

of gauge-mediated supersymmetry breaking, scalar squared-

masses are expected to be flavor independent since gauge forces

are flavor-blind. In the minimal supergravity (mSUGRA)

framework [1,2], the soft-supersymmetry breaking parameters

at the Planck scale take a particularly simple form in which the

scalar squared-masses and the A-parameters are flavor diagonal

and universal [20]:

Q

M2(Mp) = M%(Mp) — M%(Mp) = mi1,

M%(Mp) — M%(Mp) = mi1,

mi(Mp) = m3(Mp) = mj,

AU(MP) = AD(MP) = AL(MP) = Aol , (8)
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where 1 is a 3 X 3 identity matrix in generation space. Renor-
malization group evolution is then used to derive the values of
the supersymmetric parameters at the low-energy (electroweak)
scale. For example, to compute squark and slepton masses,
one must use the low-energy values for M% and M% in Eq. (5).
Through the renormalization group running with boundary con-
ditions specified in Eq. (7) and Eq. (8), one can show that the
low-energy values of M % and M % depend primarily on m% and
m% /o A number of useful approximate analytic expressions for
superpartner masses in terms of the mSUGRA parameters can
be found in Ref. 39.

Clearly, in the mSUGRA approach, the MSSM-124 param-
eter freedom has been sharply reduced. For example, typical
mSUGRA models give low-energy values for the scalar mass
parameters that satisfy Mva R~ ME < M@ R~ Mﬁ R~ Mﬁ with
the squark mass parameters somewhere between a factor of 1-3
larger than the slepton mass parameters (e.g., see Ref. 39).
More precisely, the low-energy values of the squark mass pa-
rameters of the first two generations are roughly degenerate,
while M@s and Mﬁs are typically reduced by a factor of 1-3
from the values of the first and second generation squark mass
parameters because of renormalization effects due to the heavy
top quark mass.

As a result, one typically finds that four flavors of squarks
(with two squark eigenstates per flavor) and ER are nearly
mass-degenerate. The EL mass and the diagonal fL and %VR
masses are reduced compared to the common squark mass of
the first two generations. (If tan( > 1, then the pattern of
third generation squark masses is somewhat altered; e.g., see
Ref. 40.) In addition, there are six flavors of nearly mass-

degenerate sleptons (with two slepton eigenstates per flavor for
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the charged sleptons and one per flavor for the sneutrinos); the

sleptons are expected to be somewhat lighter than the mass-

degenerate squarks. Finally, third generation squark masses

and tau-slepton masses are sensitive to the strength of the

respective fr—fr mixing as discussed below Eq. (4).

Due to the implicit mq/p dependence in the low-energy

values of M2, M% and M %, there is a tendency for the gluino
in mSUGRA models to be lighter than the first and second
generation squarks. Moreover, the LSP is typically the lightest

. ~0 . . . .
neutralino, X;, which tends to be dominated by its gaugino

components. However, there are some regions of mSUGRA

parameter space where the above conclusions do not hold. For

example, one can reject those mSUGRA parameter regimes in
which the LSP is a chargino.

One can count the number of independent parameters in
the mSUGRA framework. In addition to 18 Standard Model

parameters (excluding the Higgs mass), one must specify my,

my /9, Ao, and Planck-scale values for u and B-parameters

(denoted by po and Bp). In principle, Ay, By and po can be

complex, although in the mSUGRA approach, these parameters

are taken (arbitrarily) to be real. As previously noted, renor-

malization group evolution is used to compute the low-energy

values of the mSUGRA parameters, which then fixes all the pa-

rameters of the low-energy MSSM. In particular, the two Higgs

vacuum expectation values (or equivalently, my and tan (3) can

be expressed as a function of the Planck-scale supergravity

parameters. The simplest procedure is to remove pg and By in

favor of my and tan 8 (the sign of g is not fixed in this process).

In this case, the MSSM spectrum and its interaction strengths

are determined by five parameters: mg, Ag, my /9, tan 3, and

the sign of g, in addition to the 18 parameters of the Standard
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Model. However, the mSUGRA approach is probably too sim-

plistic. Theoretical considerations suggest that the universality

of Planck-scale soft-supersymmetry-breaking parameters is not

generic [41].

In the minimal gauge-mediated supersymmetry-breaking

(GMSB) approach, there is one effective mass scale, A, that

determines all low-energy scalar and gaugino mass parameters

through loop-effects (while the resulting A-parameters are sup-

pressed). In order that the resulting superpartner masses be
of order 1 TeV or less, one must have A ~ 100 TeV. The

origin of the p and B-parameters is quite model dependent

and lies somewhat outside the ansatz of gauge-mediated su-

persymmetry breaking. The simplest models of this type are

even more restrictive than mSUGRA, with two fewer degrees

of freedom. However, minimal GMSB is not a fully realized

model. The sector of supersymmetry-breaking dynamics can

be very complex, and it is fair to say that no complete model of

gauge-mediated supersymmetry yet exists that is both simple

and compelling.

It was noted in Section 1.2 that the gravitino is the LSP
in GMSB models. Thus, in such models, the next-to-lightest
supersymmetric particle (NLSP) plays a crucial role in the phe-

nomenology of supersymmetric particle production and decay.

Note that unlike the LSP, the NLSP can be charged. In GMSB
models, the most likely candidates for the NLSP are %(1] and

~*

T . The NLSP will decay into its superpartner plus a gravitino

~0 ~ ~0 ~ ~ ~ . cp -
(e.g., Xy — Y9372, X1 — Zg3/2 Or 7']:_% — Tig3/2), with lifetimes

and branching ratios that depend on the model parameters.
Different choices for the identity of the NLSP and its

decay rate lead to a variety of distinctive supersymmetric

phenomenologies [42]. For example, a long-lived %?—NLSP that
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decays outside collider detectors leads to supersymmetric decay

chains with missing energy in association with leptons and/or

hadronic jets (this case is indistinguishable from the canonical
phenomenology of the %?—LSP). On the other hand, if %? —
Yg3/2 is the dominant decay mode, and the decay occurs inside

the detector, then nearly all supersymmetric particle decay

chains would contain a photon. In contrast, the case of a ?j%t—

NLSP would lead either to a new long-lived charged particle

(i.e., the ?j%t) or to supersymmetric particle decay chains with

T-leptons.

Finally, grand unification can impose additional constraints

on the MSSM parameters. Perhaps one of the most com-

pelling hints for low-energy supersymmetry is the unification
of SU(3)xSU(2)xU(1) gauge couplings predicted by models of
supersymmetric grand unified theories (SGUTs) [5,43] (with

the supersymmetry-breaking scale of order 1 TeV or below).

Gauge coupling unification, which takes place at an energy

scale of order 1016 GeV, is quite robust (i.e., the unification

depends weakly on the details of the theory at the unification

scale). Current low-energy data is in fair agreement with the

predictions of supersymmetric grand unification as discussed in

Section I.8.

Additional SGUT predictions arise through the unification
of the Higgs-fermion Yukawa couplings (Af). There is some

evidence that Ay = A, leads to good low-energy phenomenol-

ogy [44], and an intriguing possibility that A\, = A\; = \; may

be phenomenologically viable [45,40] in the parameter regime

where tan 3 ~

my/my. Finally, grand unification imposes con-

straints on the soft-supersymmetry-breaking parameters. For

example, gaugino-mass unification leads to the relations given
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Diagonal squark and slepton soft-supersymmetry-

breaking scalar masses may also be unified, which is analogous

to the unification of Higgs-fermion Yukawa couplings.

In the absence of a fundamental theory of supersymmetry

breaking, further progress will require a detailed knowledge of

the supersymmetric-particle spectrum in order to determine the

nature of the high-energy parameters. Of course, any of the

theoretical assumptions described in this section could be wrong

and must eventually be tested experimentally.

I1.8. The MSSM and precision of electroweak data:
The MSSM provides a framework that can be tested by preci-

sion electroweak data. The level of accuracy of the measured
Z decay observables at LEP and SLC is sufficient to test

the structure of the one-loop radiative corrections of the elec-

troweak model [46]. Thus the precision electroweak data is

potentially sensitive to the virtual effects of undiscovered par-

ticles. Combining the most recent LEP and SLC electroweak

results (including the limits obtained from the direct Higgs

search at LEP) with the recent top-quark mass measurement

at the Tevatron, a preference is found [47,48] for a light Higgs

boson mass of order my, which is consistent with the MSSM

Higgs mass upper bound discussed in Section 1.4. [More pre-
cisely, in Ref. 48, the best fit value for the mass of the Standard
Model Higgs boson ranges from about 83 to 140 GeV, while
the 95% CL upper limit ranges from 287 to 361 GeV, de-

pending on the value used for a(my). (Similar results have

been obtained in Ref. 47). Moreover, for Z decay observables,

the effects of virtual supersymmetric-particle exchange are sup-

pressed by a factor of mQZ /MSQUsy, and therefore decouple in

the limit of large supersymmetric-particle masses. It follows

that for Mgysy > myz (in practice, it is sufficient to have all

HTTP://PDG.LBL.GOV Page 20 Created: 6/29/1998 12:34



Review of Particle Physics:

supersymmetric-particle masses above 200 GeV), the MSSM
yields an equally good fit to the precision electroweak data as
compared to the Standard Model fit.

At present, a global fit of the electroweak data by Erler
and Langacker (EL) [48] is in excellent agreement with the
predictions of the Standard Model. If some supersymmetric
particles are light (say, below 200 GeV but above present
experimental bounds deduced from direct searches), then it is
possible that the EL fit could be modified in the MSSM. A
few years ago, when the rate for Z — bb was four standard
deviations above the Standard Model prediction, the possibility
that the MSSM could improve the global electroweak fit was
taken quite seriously. However, it is hard to imagine that the
MSSM could significantly improve the quality of the current
EL fit (given that the Standard Model fit is already quite
good, and a global fit in the context of the MSSM would
necessarily involve more degrees of freedom). On the other
hand, the MSSM could significantly decrease the goodness of
the Standard Model fit. This possibility has been explored
recently in Ref. 49. Their analysis shows that one can slightly
reduce the allowed region of mSUGRA and GMSB model
parameter spaces beyond the region already ruled out by the
non-observation of direct supersymmetric particle production.

Electroweak observables are also sensitive to the strong
coupling constant through the QCD radiative corrections. The
EL global fit extracts a value of ag(myz) = 0.1214 + 0.0031,
which is in good agreement with the world average of ag(my) =
0.11914+0.0018 [48]. This result has important implications for
the viability of supersymmetric unification. Given the low-
energy values of the electroweak couplings g(my) and ¢'(myz),
one can predict ag(my) by using the MSSM renormalization
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group equations to extrapolate to higher energies and imposing
the unification condition on the three gauge couplings at some
high-energy scale, Mx. This procedure (which fixes Mx) can
be successful (i.e., three running couplings will meet at a single
point) only for a unique value of as(myz). The extrapolation
depends somewhat on the low-energy supersymmetric spectrum
(so-called low-energy “threshold effects”) and on the SGUT
spectrum (high-energy threshold effects), which can somewhat
alter the evolution of couplings. For example, allowing for low-
energy threshold effects but neglecting threshold corrections
near the unification scale, Ref. 50 finds that SGUT unification
in the mSUGRA model predicts that as(myz) > 0.126, which
is only in slight disagreement with the results of the EL fit.
(Similar results have been obtained in Ref. 51.) Taking SGUT
threshold effects into account could either slightly increase or
decrease the predicted value of as(my), depending on the
details of the model. In contrast, the corresponding result for
the Standard Model extrapolation, ag(myz) =~ 0.073 £+ 0.002
[52], is many standard deviations away from the experimentally

observed result.

1.9. Beyond the MSSM: Non-minimal models of low-energy
supersymmetry can also be constructed. One approach is to
add new structure beyond the Standard Model at the TeV
scale or below. The supersymmetric extension of such a theory
would be a non-minimal extension of the MSSM. Possible new
structures include: (i) the supersymmetric generalization of the
see-saw model of neutrino masses [53,54]; (ii) an enlarged elec-
troweak gauge group beyond SU(2)xU(1) [55]; (iii) the addition
of new, possibly exotic, matter multiplets [e.g., a vector-like

color triplet with electric charge %e; such states sometimes
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occur as low-energy remnants in Eg grand unification mod-
els]; and/or (iv) the addition of low-energy SU(3)xSU(2)xU(1)

singlets [56].

A possible theoretical motivation for such new

structure arises from the study of phenomenologically viable

string theory ground states [57].

A second approach is to retain the minimal particle con-

tent of the MSSM but remove the assumption of R-parity

invariance.

The most general R-parity-violating (RPV) theory

involving the MSSM spectrum introduces many new parameters

to both the supersymmetry-conserving and the supersymmetry-

breaking sectors. Each new interaction term violates either B

or L conservation. For example, consider new scalar-fermion

Yukawa couplings derived from the following interactions:

~

(L) pmn LpLin EE + (N ) pmin LpQun DS + (AB)pmnUSDS, D, (9)

where p, m, and n are generation indices, and gauge group

~

indices are suppressed. In the notation above, Q, U ¢ DC L,

C

and E° respectively represent (u,d)r, u§, df, (v, e )L, and e}

and the corresponding superpartners. The Yukawa interactions

are obtained from Eq. (9) by taking all possible combinations

involving two fermions and one scalar superpartner. Note that

the term in Eq. (9) proportional to Ap violates B, while the

other two terms violate L.

Phenomenological constraints on various low-energy B- and

L-violating processes yield limits on each of the coefficients
(AL)pmns (ML) pmn and (AB)pmn taken one at a time [58]. If
more than one coefficient is simultaneously non-zero, then the

limits are in general more complicated. All possible RPV terms

cannot be simultaneously present and unsuppressed; otherwise

the proton decay rate would be many orders of magnitude

larger than the present experimental bound. One way to avoid
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proton decay is to impose B- or L-invariance (either one alone

would suffice). Otherwise, one must accept the requirement

that certain RPV coefficients must be extremely suppressed.

If R-parity is not conserved, supersymmetric phenomenol-

ogy exhibits features that are quite distinct from that of the
MSSM. The LSP is no longer stable, which implies that not all
supersymmetric decay chains must yield missing-energy events
at colliders. Both AL=1 and AL =2 phenomena are allowed

(if L is violated), leading to neutrino masses and mixing [59],

neutrinoless double beta decay [60], sneutrino-antisneutrino

mixing [54,61], and s-channel resonant production of the sneu-

trino in eTe™

collisions [62]. Since the distinction between the

Higgs and matter multiplets is lost, R-parity violation permits

the mixing of sleptons and Higgs bosons, the mixing of neu-

trinos and neutralinos, and the mixing of charged leptons and

charginos, leading to more complicated mass matrices and mass
eigenstates than in the MSSM.
Squarks can be regarded as leptoquarks _since if A} #0,

the following processes are allowed: e

and e*d,;, — U, — etd,,. (As above, m and n are generation

labels, so that dy = s, d3 = b, etc.) These processes have

received much attention during the past year as a possible
explanation for the HERA high Q? anomaly [63].
The theory and phenomenology of alternative low-energy

supersymmetric models (such as models with R-parity viola-

tion) and its consequences for collider physics have only recently

begun to attract significant attention. Experimental and theo-

retical constraints place some restrictions on these approaches,

although no comprehensive treatment has yet appeared in the

literature.

* Now at Harvard University.
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SUPERSYMMETRY, PART II (EXPERIMENT)
(by M. Schmitt)

II.1. Introduction: The theoretical strong points of super-

symmetry (SUSY) have motivated many searches for supersym-
metric particles. Most of these have been guided by the MSSM

and are based on the canonical missing-energy signature caused

by the escape of the LSP’s (‘lightest supersymmetric particles’).

More recently, other scenarios have received considerable atten-

tion from experimenters, widening the range of topologies in

which new physics might be found.

Unfortunately, no convincing evidence for the production of

supersymmetric particles has been found. The most far reach-

ing laboratory searches have been performed at the Tevatron

and at LEP, and these are the main topic of this review. In

addition, there are a few special opportunities exploited by

HERA and certain fixed-target experiments.

In order to keep this review as current as possible, the most

recent results have been used, including selected preliminary

results reported at the High Energy Conference of the European

Physical Society, held in Jerusalem during August 1997.

Theoretical aspects of supersymmetry have been covered in
Part I of this review by H.E. Haber (see also Ref. 1, 2); we use

his notations and terminology.

I1.2. Common supersymmetry scenarios: In the

‘canonical’ scenario [1], supersymmetric particles are pair-

produced and decay directly or via cascades to the LSP. For

most typical choices of model parameters, the lightest neu-

tralino is the LSP. Conservation of R-parity is assumed, so the

LSP’s do not decay and escape detection, causing an apparent

miss

transverse momentum imbalance, p'*® (also referred to as miss-

ing transverse energy, ¥r), and missing energy, E™. There
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are always two LSP’s per event. The searches demand signif-

miss

icant p7'™ as the main discriminant against Standard Model

(SM) processes; collimated jets, isolated leptons or photons,

and appropriate kinematic cuts provide additional handles to

reduce backgrounds.

The conservation of R-parity is not required in super-

symmetry, however, and in some searches it is assumed that

supersymmetric particles decay via interactions which violate

R-parity (RPV), and hence, lepton and /or baryon number. For

the most part the production of superpartners is unchanged, but

in general the missing-energy signature is lost. Depending on

the choice of the R-parity—breaking interaction, SUSY events

are characterized by excess leptons or hadronic jets, and in

many cases it is relatively easy to suppress SM backgrounds [3].

In this scenario the pair-production of LSP’s, which need not

be %?’S or v’s, is a significant SUSY signal.

In models assuming gauge-mediated supersymmetry break-

ing (GMSB) [4], the gravitino gz, is a weakly-interacting

fermion with a mass so small that it can be neglected when

considering the event kinematics. It is the LSP, and the lightest

neutralino decays to it radiatively, possibly with a very long

lifetime. For the most part the decays and production of other

superpartners are the same as in the canonical scenario, so

~0 ... . . .
when the X; lifetime is not too long, the event topologies are

augmented by the presence of photons which can be energetic

and 1solated.

If the %? lifetime is so long that it decays outside

of the detector, the event topologies are the same as in the

canonical scenario. In some variants of this theory the right-

sleptons are lighter than the lightest neutralino, and they decay

to a lepton and a gravitino. This decay might occur after the

slepton exits the apparatus, depending on model parameters.
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Finally, in another scenario the gluino ¢ is assumed to be
very light (M ;<9 GeV/c?) [5]. Tt is a color-octet fermion
which can saturate the decays of charginos and neutralinos. In
this scenario the decay of the gluino to the lightest neutralino is
kinematically suppressed, so long-lived supersymmetric hadrons
(g + g bound states called R”’s) are formed [6]. These will
produce hadronic showers in the calorimeters, thus spoiling
the canonical missing-energy signature on which most SUSY
searches rely. The exclusion of a light gluino is not settled
(see the Listings), however, given recent experimental and
theoretical developments, this issue may well be settled in the

near future.

I1.3. Experimental issues: Before describing the results of
the searches, a few words about the issues facing the experi-
menters are in order.

Given no signal for supersymmetric particles, experimenters
are forced to derive limits on their production. The most gen-
eral formulation of supersymmetry is so flexible that few univer-
sal bounds can be obtained. Often more restricted forms of the
theory are evoked for which predictions are more definite—and
exclusions more constraining. The most popular of these is
minimal supergravity (‘mSUGRA’). As explained in the Part I
of this review, parameter freedom is drastically reduced by re-
quiring related parameters to be equal at the unification scale.
Thus, the gaugino masses are equal with value my 9, and the
slepton, squark, and Higgs masses depend on a common scalar
mass parameter, mg. In the individual experimental analyses,
only some of these assumptions are necessary. For example,
the gluon and squark searches at proton machines constrain
mainly M3 and a scalar mass parameter mg for the squark
masses, while the chargino, neutralino, and slepton searches
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at eTe” colliders constrain My and a scalar mass parameter
my for the slepton masses. In addition, results from the Higgs
searches can be used to constrain my,, and mp as a function
of tan 3. (The full analysis involves large radiative corrections
coming from squark mixing, which is where the dependence
on my/p and mg enter.) In the mSUGRA framework, all the
scalar mass parameters mg are the same and the three gaug-
ino mass parameters are proportional to my /9, so limits from
squarks, sleptons, charginos, gluinos, and Higgs all can be used
to constrain the parameter space.

While the mSUGRA framework is convenient, it is based
on several theoretical assumptions which are highly specific, so
limits presented in this framework cannot easily be applied to
other supersymmetric models. Serious attempts to reduce the
model dependence of experimental exclusions have been made
recently. When model-independent results are impossible, the
underlying assumptions and their consequences are carefully
delineated. This is easier to achieve at ete™ colliders than at
proton machines.

The least model-dependent result from any experiment is
the upper limit on the cross section. It requires only the
number N of candidate events, the integrated luminosity L,
the expected backgrounds b, and the acceptance € for a given
signal. The upper limit on the number of signal events for a
given confidence level N"PP" ig computed from N and b (see
review of Statistics). The experimental bound is simply

€0 < NP/, (1)

This information is nearly always reported, but some care is
needed to understand how the acceptance was estimated, since

it is often sensitive to assumptions about masses and branching
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ratios. Also, in the more complicated analyses, N"PP®" also
changes as a result of the optimization for a variety of possible
signals.

The theoretical parameter space is constrained by comput-
ing € -0 of Eq. (1) in terms of the relevant parameters while
NUPPer /[0 g fixed by experiment. Even after the theoretical
scenario and assumptions have been specified, some choice re-
mains about how to present the constraints. The quantity € - o
may depend on three or more parameters, yet in a printed page
one usually can display limits only in a two-dimensional space.

Three rather different tactics are employed by experimenters:

e Select “typical” values for the parameters not
shown. These may be suggested by theory, or val-
ues giving more conservative—or more powerful—
results may be selected. Although the values are
usually specified, one sometimes has to work to
understand the possible ‘loopholes.’

e Scan the parameters not shown. The lowest value
for -0 is used in Eq. (1), thereby giving the weakest
limit for the parameters shown. As a consequence,
the limit applies for all values of the parameters not
shown.

e Scan parameters to find the lowest acceptance € and
use it as a constant in Eq. (1). The limits are then
safe from theoretical uncertainties but may be over-
conservative, hiding powerful constraints existing in

more typical cases.
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Judgement is exercised: the second option is the most correct

but may be impractical or uninteresting; most often repre-

sentative cases are presented. These latter become standard,

allowing a direct comparison of experiments, and also the

opportunity to combine results.

Limits reported here are derived for 95% C.L. unless noted

otherwise.

II.4. Supersymmetry searches in ete~ colliders: The

center-of-mass energy of the large electron-positron collider
(LEP) at CERN has been raised well above the Z peak
in recent years. After collecting approximately 150 pb_1 at
LEP 1, each experiment (ALEPH, DELPHI, L3, OPAL) has
accumulated the first data at LEP 2: about 5.7 pb_1 at
V5 ~ 133 GeV (1995) [7], 10 pb™! at 161 GeV and 11 pb~!
at 172 GeV (1996). This review emphasizes the most recent

LEP 2 results.

At LEP experiments and SLD at SLAC excluded all visible
supersymmetric particles up to about half the Z mass (see

the Listings for details). These limits come mainly from the

comparison of the measured Z widths to the SM expectations,
and depend less on the details of the SUSY particle decays than

do the results of direct searches [8]. The new data taken at

higher energies allow much stronger limits to be set, although

the complex interplay of masses, cross sections, and branching

ratios makes simple general limits impossible to specify.

The main signals come from SUSY particles with charge,

weak isospin, or large Yukawa couplings. The gauge fermions

(charginos and neutralinos) generally are produced with large

cross sections, while the scalar particles (sleptons and squarks)

are suppressed near threshold by kinematic factors.
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Charginos are produced via v*, Z*, and v, exchange. Cross

sections are in the 1-10 pb range, but can be an order of mag-
nitude smaller when M is less than 100 GeV/c? due to the

destructive interference between s- and t-channel amplitudes.

Under the same circumstances, neutralino production is en-

hanced, as the t-channel € exchange completely dominates the

s-channel Z* exchange. When Higgsino components dominate

the field content of charginos and neutralinos, cross sections are

large and insensitive to slepton masses.

Sleptons and squarks are produced via v* and Z* exchange;

for selectrons there is an important additional contribution from

t-channel neutralino exchange which generally increases the

cross section substantially. Although the Tevatron experiments

have placed general limits on squark masses far beyond the
reach of LEP, a light top squark (stop) could still be found

since the flavor eigenstates can mix to give a large splitting

between the mass eigenstates. The coupling of the lightest stop

to the Z* will vary with the mixing angle, however, and for

certain values, even vanish, so the limits on squarks from LEP

depend on the mixing angle assumed.

The various SUSY particles considered at LEP usually de-

cay directly to SM particles and LSP’s, so signatures commonly

consist of some combination of jets, leptons, possibly photons,

and missing energy. Consequently the search criteria are geared

toward a few distinct topologies. Although they may be opti-

mized for one specific signal, they are often efficient for others.

. . ~= ~0~0
For example, acoplanar jets are expected in both ¢1¢; and X{Xo

production, and acoplanar leptons for both 0 and XX .

The major backgrounds come from three sources. First,

there are the so-called ‘two-photon interactions,” in which the

beam electrons emit photons which combine to produce a low

mass hadronic or leptonic system leaving little visible energy in
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Since the electrons are seldom deflected through

miss is Jow. Second, there is difermion production,

usually accompanied by a large initial-state radiation induced

by the Z pole, which gives events that are well balanced with

respect to the beam direction. Finally, there is four-fermion

production through states with one or two resonating bosons
(WHtW~, ZZ, Wev, ZeTe™, etc.) which can give events with
large E™5 and pTISS due to neutrinos and electrons lost down

the beam pipe.

In the canonical case, E™ and pmlss are large enough to

eliminate most of these backgrounds. The ete™ initial state is

well defined so searches utilize both transverse and longitudinal

momentum components. It is possible to measure the missing
mass (Mpiss = {(v/5 — Eyis)? — 2, }1/2) which is small if piiss
is caused by a single neutrino or undetected electron or photon,

and can be large when there are two massive LSP’s. The four-

fermion processes cannot be entirely eliminated, however, and a

non-negligible irreducible background is expected. Fortunately,

the uncertainties for these backgrounds are not large.

High efficiencies are easily achieved when the mass of the
LSP is lighter than the parent particle by at least 10 GeV/ c?
and greater than about 10 GeV/c?. Difficulties arise when the
mass difference AM between the produced particle and the LSP

is smaller than 10 GeV/c? as the signal resembles background

from two-photon interactions. A very light LSP is challenging

also since, kinematically speaking, it plays a role similar to a

neutrino, so that, for example, a signal for charginos of mass
80 GeV/c? is difficult to distinguish from the production of
WTW ™ pairs.

Since the start of LEP 2, experimenters have made special

efforts to cover a wide range of mass differences. Also, since

virtual superpartners exchanged in decays can heavily influence
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branching ratios to SM particles, care has been taken to ensure

that the search efficiencies are not strongly dependent on the

final state. This ability to cover a wide range of topologies

has driven the push for bounds with a minimum of model

dependence.

Charginos have been excluded up to 86 GeV/c? [9] except
in cases of low acceptance (AM = M~:|: — M~0 <5 GeV/c?) or

low cross section (Mg S Myy). When | < Mg, the Higgsino

components are large for charginos and neutralinos. In this case

~0~0 .

the associated production of neutralino pairs X;X, is large and

the problem of small mass differences (M>~<o - M>~<o) less severe.

1

2
Experimental sensitivity now extends down to mass differences

of 4 GeV/c?,

corresponding to My well above 1 TeV/c?. The

strong variation of the efficiency with AM makes it difficult

to derive absolute bounds on the masses of charginos and

neutralinos.

The problem of low cross sections will be less

severe after higher integrated luminosities have been delivered.

The limits from chargino and neutralino production are

most often used to constrain My and p for fixed tan(3. An

example from the OPAL Collaboration is shown in Fig. 1,

where excluded regions in the (u, Ms) plane are shown for
tan 8 = 1.5 and 35 for /s = 172 GeV. The case of heavy
sneutrinos is illustrated by the plots with mg = 1 TeV/c2

The plots also provide a gluino mass scale, valid assuming

gaugino mass unification, which implies that the mass of gluinos

hypothetically produced in proton machines is proportional to

the mass of charginos with a large gaugino component.

When the sleptons are light, two important effects must be

considered for charginos: the cross section is significantly re-

duced and the branching ratio to leptons is enhanced, especially

to 7’s via 7’s which can have non-negligible mixing. These

HTTP://PDG.LBL.GOV Page 40 Created: 6/29/1998 12:34



Review of Particle Physics: C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

1200
1000

ma [GeV]

800

600
150 3

100 400

200

PEPEEPI I IR R Praeren s SRR SRR BVREEEE: o)
-800 -100 0 100 200 00 -100 0 100 200
H [GeV] H [GeV]

~00 200 -
1 [GeV] H[GeV]

Figure 1: Regions in the (u, Ms) plane excluded
by chargino and neutralino searches performed by the
OPAL Collaboration, for two values of tan [9]. The
light shaded region shows the limits derived from the
7 width, while the dark region shows the additional ex-
clusion obtained by the direct searches at LEP 2. The
dashed line shows the kinematic bound for charginos;
exclusions beyond this come from the searches for
neutralinos. mg is the universal mass parameter for
sleptons and sneutrinos, so when mg =1 TeV/ ¢ the
sneutrino is very heavy and cross sections are as large
as possible. The curves labeled ‘minimal mg’ give an
indication of how much the exclusions weaken when
light sneutrinos are considered. The gluino scale is
shown for comparison to Tevatron results; it is valid
assuming the unification of gaugino masses.
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effects are greatest when the chargino has a large gaugino com-

ponent. The weakest bounds are found for p ~ —70 GeV/c?

and tan 3 < 2, as the cross section is reduced with respect

to larger |u|, the impact of 7 mixing can be large, and the

efficiency is not optimal because AM is large. The erosion in

the bounds when sneutrinos are light is illustrated clearly by

the so-called ‘minimal myg’ case (Fig. 1). Here my is a universal

mass for sleptons and sneutrinos at the GUT scale; for this

analysis the smallest value of mg consistent with OPAL slepton

limits has been taken.

If the sneutrino is lighter than the chargino, then two-body

decays Xt to dominate, and in the ‘corridor’ 0 < M%i —

M~<3 GeV/c? the acceptance is so low that no exclusion is

possible [10].

An example of this is shown in Fig. 2, from the

ALEPH Collaboration. Since the chargino cross-section and

field content varies with p, two values were tested: in both

cases the corridor M-+ S M- persists, and strictly speaking

the lower limit on M~+ is the one from LEP 1. Searches for

charged sleptons can be used to cover this corridor, as shown in

the figure, but this coverage is effective only for low tan 3. The

searches for neutralinos alleviate the problem in some regions

of parameter space, but they cannot close the corridor.

The limits on slepton masses [11] are well below the kine-

matic limit due to a strong p-wave phase space suppression

near threshold. A variety of limits have been derived, consid-

ering right-sleptons only (which is conservative), or degenerate

right /left-sleptons (which is optimistic), or relying on a universal

slepton mass mg (which is model-dependent). For individual

experiments, the limits on selectrons reach 80 GeV/c? due to

contributions from ¢-channel neutralino exchange; they depend

slightly on g and tanf3. For the extreme case Mo — 0,

X4
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Figure 2: Limit on a gaugino-like chargino
as a function of the sneutrino mass, from
the ALEPH Collaboration [9]. The open cor-
ridor 0 < M%i — M-<3 GeV/c? i s evident.

tan 3 = /2 is fixed and two values of pu are
shown. The hatched region is excluded by slep-
ton searches, but at higher tan 8 this exclusion
is much weaker.

the AMY Collaboration at TRISTAN obtained a result which
reaches 79 GeV/c? for degenerate selectrons at 90% CL [12].
Limits on smuons reach approximately 60 GeV/ ¢?, and staus,
55 GeV/c?. For selectrons and smuons the dependence on
AM = M;— M%o is weak for AM > 10 GeV/c? unless pa-

1
rameters are chosen which lead to a large branching ratio
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for ZR — e%g, possible when Mo is very small. Prelimi-

1
nary results from the combination of the four LEP exper-

iments have been derived, leading to significantly stronger

bounds [13]:

My > 80 GeV/c? and My > 74 GeV/c? for

M~0 = 45 GeV/c Bounds on the parameters Ms and mg

also have been derived.

In some GMSB models, sleptons may decay to £* g /2 out-

side the detector, so the experimental signature is a pair of col-

inear, heavily ionizing tracks. Searches for such events [14] have
placed mass limits of 66 GeV/c? (combined: 68 GeV/c? [13])
for pr and 7g.

Limits on stop and sbottom masses [15], like the slepton

mass limits, do not extend to the kinematic limit. The stop

~ ~0 .. o
decay t; — cX; proceeds through loops, giving a lifetime

long enough to allow the top squark to form supersymmetric

hadrons which provide a pair of jets and missing energy. If

sneutrinos are light the decay ¢; — bf¥ dominates, giving two

leptons in addition to the jets. Access to very small AM is

possible due to the visibility of the decay products of the ¢ and

b quarks. Limits vary from 75 GeV/c? for an unrealistic pure
t1, state to 60 GeV/c? if the coupling of ¢ to the Z vanishes.
The DELPHI result is shown in Fig. 3 as an example. The

combination of results from all four experiments, shown in

Fig. 4, is significantly stronger: for example, M>> 75 GeV/c?
is obtained for AM > 10 GeV/c? and any mixing [13]. Limits
on shottoms are weaker due to their smaller electric charge.

In canonical SUSY scenarios the lightest neutralino leaves no

signal in the detector. Nonetheless, the tight correspondences

among the neutralino and chargino masses allow an indirect

limit on M%o to be derived [9,10]. The key assumption is

1
that the gaugino mass parameters M; and My unify at the
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Figure 3: Ranges of excluded stop and neu-
tralino masses reported by the DELPHI Col-
laboration [15]. Two values of mixing an-
gle are shown: 6, = 0 gives pure %VL and
Omix = 0.98 rad gives a stop with no coupling
to the Z. The range excluded by D@ is also
shown.

GUT scale, which leads to a definite relation between them at
the electroweak scale: M; = gtan2 Ow My. Assuming slepton
masses to be at least 200 GeV/c?, the bound on Mo is derived

X1
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95% C.L. Excluson OPAL, ALEPH, and DELPHI

M t Preliminary
801
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‘M;- M, =5 Gev/c? g
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0O 10 20 30 40 50 60 70 80 90
(Degrees)

Figure 4: Lower bound on the stop mass as a
function of the mixing angle for two values of
AM = M;— M~0, derived from the combined

results of the LEP experiments. These results
are preliminary [13].

from the results of chargino and neutralino searches and certain
bounds from LEP 1, as illustrated in Fig. 5, from DELPHI. The
various contours change as tan is increased, with the result

that the lower limit on Mo increases also.
1
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When sleptons are lighter than 80 GeV/c?, all the effects of
light sneutrinos on both the production and decay of charginos

and heavier neutralinos must be taken into account. Although

the bounds from charginos are weakened substantially, useful

additional constraints from the slepton searches rule out the

possibility of a massless neutralino. The current preliminary
limit, shown in Fig. 6, is M%o > 25 GeV/c? for tan 3 > 1 and
1

M > 200 GeV/c* (effectively, mg 2200 GeV/c?). Allowing

the universal slepton mass mg to have any value, the limit

is M%o > 14 GeV/c? [10]. These bounds can be evaded by
1

dropping gaugino mass unification or R-parity conservation, or

by assuming the gluino is very light.

If R-parity is not conserved, the lightest neutralino decays

to SM particles and is visible inside the detector. Searches for

supersymmetry with R-parity violation [16] usually assume that
one of three possible interaction terms (LLE, LQD, U D D)
dominates. The relevant term can cause R-parity violation

directly in the decay of the produced particle, or it can be

manifested indirectly in the decay of the LSP, which need no

longer be neutral or colorless. Rather exotic topologies can

occur, such as six-lepton final states in slepton production with

LLE dominating, or ten-jet final states in chargino production

with U D D dominating; and, for the most part, entirely new

search criteria keyed to an excess of leptons and/or jets must

be devised. Although not all possibilities have been tested

yet, searches with a wide scope have found no evidence for

supersymmetry with R-parity violation, and limits are usually

as constraining as in the canonical scenario. In fact, the direct

: . ~0
exclusion of pair-produced X;’s rules out some parameter space

not accessible in the canonical case.
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DELPHI Neutralino masslimit
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0
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Figure 5: Excluded regions in the (u, M) plane
obtained by the DELPHI Collaboration, for tan3 =1
and mg =1 TeV/c? [9]. (This very high value for mq is
tantamount to setting all slepton masses to 1 TeV/c2.)
The combination of LEP 2 chargino search (dot-dash
line) and the neutralino search (dashed line) with the
single-photon limits from LEP 1 (thick solid line) give

the limit on M _.g. The thin solid line shows the values
1
of p© and My giving M>~(0 = 24.9 GeV/c?, and the

1
dotted line gives the kinematic limit for charginos at

Vs =172 GeV.
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preliminary ALEPH
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Figure 6: Lower limit on the mass of the
lightest neutralino, derived by the ALEPH Col-
laboration using constraints from chargino, neu-
tralino, and slepton searches [10]. The values
500, ...,75 show the bound obtained when fix-
ing the universal scalar mass and taking slepton
bounds into account; including also limits from
Higgs for mg = 75 GeV/c? gives the dashed
line. Allowing mg to vary freely independently
of tan 8 gives the curve labelled ‘any my.’
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R-parity violation can lead to new production processes,

such as s-channel sneutrino production, which also are being

investigated [17].

Visible signals from the lightest neutralino are also re-

. . ~0 ~
alized in special cases of GMSB which predict X1 — vg3/2

with a lifetime short enough for the decay to occur inside the

detector. The most promising topology consists of two ener-

~0~0

getic photons and missing energy resulting from ete™ — X{X3.

(In the canonical scenario, such events also would appear for

et

e — %8%2 followed by %8 — 7%? which can be expected

in certain regions of parameter space.) The LEP experiments

have observed no excess over the expected number of back-

ground events [18], leading to a bound on the neutralino mass
of about 70 GeV/c?. As an example, the L3 upper limit on the
number of signal events is plotted as a function of neutralino

mass in Fig. 7. When the results are combined [13], the limit

is M%o > 75 GeV/ c2. Single-photon production has been used
1

to constrain the process e

Lo~ 0
e — g3/2Xq.

At the time of this writing, LEP was colliding beams at

Vs = 183 GeV. No signals for supersymmetry were reported

in conferences; rather, preliminary limits M%:I: >91 GeV/c?

were shown [19]. In coming years the center of mass energy

will be increased in steps up to a maximum of 200 GeV.

I1.5. Supersymmetry searches at proton machines: Al-

though the LEP experiments can investigate a wide range of

scenarios and cover obscure corners of parameter space, they

cannot match the mass reach of the Tevatron experiments

(CDF and D@). Each experiment has logged approximately
110 pb~! of data at /s = 1.8 TeV—ten times the energy of
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Figure 7: Upper limit on the number of
acoplanar photon events as a function of the
neutralino mass, from the L3 Collaboration [18§].
The theoretical cross section depends on the
field content of the neutralino, shown here
for pure photinos, binos, and Higgsinos. ‘LNZ’
refers to a particular model [4].
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LEP 2. Although the full energy is never available for annihila-

tion, the cross sections for supersymmetric particle production

are large due to color factors and the strong coupling.

The main source of signals for supersymmetry are squarks

(scalar partners of quarks) and gluinos (fermionic partners

of gluons), in contradistinction to LEP. Pairs of squarks or

gluinos are produced in s, ¢ and u-channel processes, which

decay directly or via cascades to at least two LSP’s. The key

distinction in the experimental signature is whether the gluino

is heavier or lighter than the squarks, with the latter occurring
naturally in mSUGRA models. The u, d, s, ¢, and b squarks

are assumed to have similar masses; the search results are

reported in terms of their average mass Mg and the gluino mass

M-~
g

The classic searches [20] rely on large missing transverse

energy K caused by the escaping neutralinos. Jets with high

transverse energy are also required as evidence of a hard inter-

action; care is taken to distinguish genuine Fp from fluctuations

in the jet energy measurement. Backgrounds from W, Z and

top production are reduced by rejecting events with identified

leptons. Uncertainties in the rates of these processes are mini-

mized by normalizing related samples, such as events with two

jets and one or more leptons. The tails of more ordinary hard-

scattering processes accompanied by multiple gluon emission

are estimated directly from the data.

The bounds are displayed in the (Mg, ME) plane and have

steadily improved with the integrated luminosity. The latest

result from the CDF Collaboration is shown in Fig. 8, which

also shows a recent result from D(). If the squarks are heavier
than the gluino, then M2 180 GeV/c?. If they all have the
same mass, then that mass is at least 260 GeV/c?, according

to the D@ analysis. If the squarks are much lighter than the
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gluin (in which case they decay via ¢ — q%?), the bounds from
UA1 and UA2 [21] play a role giving M 2,300 GeV/c?. All of
these bounds assume there is no gluino lighter than 5 GeV/c?.

500 I I I B I B I I I
450 tanf3 =4 -
Minimal SUGRA | p = -400 GeV/c? ]
400 NLOo A, =-100 GeV/c? ]
m, = 500 GeV/c® ]
~ 350 ]
MSSM ]
m(l) = 350 GeV/c®
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CDF missing E; + multijets

N
o
o
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/ ]
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Figure 8: Excluded ranges of squark and
gluino masses, derived from the jets+ K7 analy-
sis of the CDF Collaboration [20]. Also shown
are recent results from D@, and much older
limits from the CERN proton experiments UA1
and UA2.
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Since these results are expressed in terms of the physi-

cal masses relevant to the production process and experimental

signature, the excluded region depends primarily on the assump-

tion of nearly equal squark masses with only a small dependence

on other parameters such as p and tan 3. Direct constraints on

the theoretical parameters mo and my/, ~ 0.34 M3, shown in

Fig. 9, have been obtained by the D@ Collaboration assuming

the mass relations of the mSUGRA model. In particular, mg

is keyed to the squark mass and my /o to the gluino mass, while

for the LEP results these parameters usually relate to slepton

and chargino masses.

Charginos and neutralinos may be produced directly by

o ~+~0 . :
annihilation (¢gg — X; X;) or in the decays of heavier squarks

~ ~+ ~0 .
(d— dX;, qu). They decay to energetic leptons (for example,
X — 61/%1] and %8 — €+€_§(1]) and the branching ratio can

be high for some parameter choices. The presence of energetic

leptons has been exploited in two ways: the ‘trilepton’ signature

and the ‘dilepton’ signature.

The search for trileptons is most effective for the associated

production of %f%g [22]. The requirement of three energetic

leptons reduces backgrounds to a very small level, but is efficient

for the signal only in special cases. The results reported to date

are not competitive with the LEP bounds.

The dilepton signal is geared more for the production of

charginos in gluino and squark cascades [23]. Jets are required

as expected from the rest of the decay chain; the leptons should

be well separated from the jets in order to avoid backgrounds

from heavy quark decays. Drell-Yan events are rejected with

simple cuts on the relative azimuthal angles of the leptons and

their transverse momentum. In some analyses the Majorana

nature of the gluino is exploited by requiring two leptons with
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Figure 9: Bounds in the (mg,m;/3) plane
obtained by the D@ Collaboration from their
searches for squarks and gluinos [20]. The dark
solid line shows the result from the jets+ Er
selection, and the grey solid line shows the re-
sult from the dielectron selection. The radial
contours give the squark mass in this plane, and
the nearly horizontal lines give the gluino mass.
Parameter values in the shaded region lead to
unphysical conditions.
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the same charge, thereby greatly reducing the background.

In this scenario limits on squarks and gluinos are almost as

stringent as in the classic jets+ K case.

It should be noted that the dilepton search complements

the multijet+ K7 search in that the acceptance for the latter

is reduced when charginos and neutralinos are produced in the

decay cascades—exactly the situation in which the dilepton

signature is most effective.

A loophole in the squark-gluino bounds has recently been

addressed using dijet mass distributions [24]. If gluinos are

lighter than about 5 GeV/c?, Kt is very small and the classic

jets+ K searches are no longer effective. Resonant production

of squarks would have a large cross section, however, and

if the squarks are not very heavy, broad peaks in the dijet

mass distributions are expected. Comparison of the observed

spectrum with theoretical estimates rules out light gluinos if
squarks are lighter than about 600 GeV/c?.
The top squark is different from the other squarks because

its SM partner is so massive: large off-diagonal terms in the

squared-mass matrix lead to large mixing effects and a possible

light mass eigenstate, Mﬁ < Mg. Analyses designed to find
light stops have been performed by D@ [25]. The first of these
was based on the jets+ K signature expected when the the stop
is lighter than the chargino. A powerful limit M;2 90 GeV/ c?
was obtained, provided the neutralino was at least 30 GeV/c?

lighter than the stop as depicted in Fig. 3. (These searches are

.- ~0 .
sensitive to the cX; channel which does not apply below the

dotted line.) More recently a search for the pair-production of

. . ~=x
light stops decaying to bX; was performed. The presence of two

energetic electrons was required; backgrounds from W’s were

greatly reduced. Regrettably this experimental bound does not

yet improve existing bounds on stop masses.
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Figure 10: Comparison of the DO upper lim-
its on chargino and neutralino cross sections
with theory in a GMSB scenario, plotted as a
function of the chargino mass [28]. The ver-
tical line shows the result obtained from the
combined chargino and neutralino exclusions.
It corresponds to M%o > 75 GeV/c?.
1

An anomalous event observed by the CDF Collabora-
tion [26] sparked much theoretical speculation [27]. It contains

two energetic electrons, two energetic photons, large Fr, and
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Table 1: Lower limits on supersymmetric particle masses.
‘GMSB’ refers to models with gauge-mediated supersymmetry breaking,
and ‘RPV’ refers to models allowing R-parity violation.

Lower limit

particle Condition (GeV/c?) Source
Xi  gaugino M > 200 GeV/c? 86 LEP 2
M-~> Mz 67 LEP 2
Y
any M- 45 Z width
Higgsino M, < 1 TeV/c? 79 LEP 2
GMSB 150 D@ isolated photons
RPV LLE worst case 73 LEP 2
LQD mg > 500 GeV/c? 83 LEP 2
X indirect ~ any tan 3, Mx > 200 GeV/c? 25 LEP 2
any tan 3, any mg 14 LEP 2
GMSB 75 D@ and LEP 2
RPV LLE worst case 23 LEP 2
e X AM > 10 GeV/c? 75 LEP 2 combined
ir X AM > 10 GeV/c? 75 LEP 2 combined
m X Mo <20 GeV/c? 53 LEP 2
1
v 43 Z width
LRy TR stable 76 LEP 2 combined
7 Xy any Opix, AM > 10 GeV/c? 70 LEP 2 combined
any fmix, Mo < LM 86 DY)
blv any Omix, AM > 7 GeV/c? 64 LEP 2 combined
g any ME 190 DO jets+Er
180 CDF dileptons
Z_[v Mg: Mg 260 DO jetS—f—ET
230 CDF dileptons

HHTTb / /4
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Since it is difficult to explain this event with SM

processes, theorists have turned to SUSY. While some mod-

els are based on canonical MSSM scenarios (without gaugino

mass unification), others are based on GMSB models with

. ~ ~0 ~0 ~
selectron production followed by € — eX; and X; — 7vg3/2.

These models predict large inclusive signals for pp — vy + X

given kinematic constraints derived from the properties of the

CDF event.

The Tevatron experiments have looked for such

events, and have found none [28|, aside from the one anoma-

lous event. These results have been translated into the bound
M~0 > 75 GeV/c?, as shown in Fig. 10 from the D@ Col-

laboratlon This bound is as good as that derived from the

combination of the four LEP experiments.

I1.6. Supersymmetry searches at HERA and fixed-
target experiments: The electron-proton collider (HERA)
at DESY runs at /s = 310 GeV and, due to its unique beam
types, can be used to probe certain channels more effectively
than LEP or the Tevatron.

The first of these is associated selectron-squark produc-

tion [29] through ¢-channel neutralino exchange. Assuming the

conservation of R-parity, the signal consists of an energetic

isolated electron, a jet, and missing transverse momentum. No

signal was observed in 20 pb_1 of data and limits were placed

on the sum
from LEP.

(M + M) They are weaker than the latest ones

A more interesting opportunity comes in SUSY models

with R-parity violation, in particular, with a dominant LQD

interaction [30]. Squarks would be produced directly in the

s-channel, decaying either directly to a lepton and a quark

via R-parity violation or to a pair of fermions and a chargino

or neutralino, with the latter possibly decaying via R-parity
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violation. Less than 3 pb_1 were used to look for a squark

resonance above SM backgrounds. All possible topologies were

considered, so model-independent bounds on the R-parity—

violating parameter \j;; could be derived as a function of the

squark mass.

The special case of a light ¢ was also considered,

and limits derived on )\’131 as a function of M%v. These were

improved by considering also the pair-production of stops via

photon-gluon fusion (see the Listings for more information).

Limits from SUSY searches in fixed-target or beam-dump

experiments were surpassed long ago by the colliders. An im-

portant exception is the search for the light gluino, materializing

as a long-lived supersymmetric hadron called the R? [6]. These

could be produced in fixed-target experiments with hadron

beams and observed via their decay in flight to a low mass
. ~0 ~0

hadronic state: RY — 777~ X; or nX;. The KTeV Collabora-

tion at Fermilab have searched for R%’s in their neutral-kaon

. . . . ~0
data and found no evidence for this particle in the w7 ~X;

channel, deriving strong limits on its mass and lifetime [31], as

shown in Fig. 11. A complementary search for supersymmet-

ric baryons was performed by the E761 Collaboration with a

charged hyperon beam [32].

I1.7. Conclusions: A huge variety of searches for super-

symmetry have been carried out at LEP, the Tevatron, and

HERA. Despite all the effort, no signal has been found, forcing

the experimenters to derive limits. We have tried to summarize

the interesting cases in Table 1. At the present time there is
little room for SUSY particles lighter than My,. The LEP
collaborations will analyze more data taken at higher energies,

and the Tevatron collaborations will begin a high luminosity

run in a couple of years. If still no sign of supersymmetry

appears, definitive tests will be made at the LHC.
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Figure 11: Ranges of R’ mass and lifetime
excluded at 90% CL by the KTeV Collabora-

~0
tion [31]. The ratio of the R? to the X; mass
Is 7.

References

H.E. Haber and G. Kane, Phys. Reports 117, 75 (1985);
H.P. Nilles, Phys. Reports 110, 1 (1984);

M. Chen, C. Dionisi, M. Martinez, and X. Tata, Phys.
Reports 159, 201 (1988).

H.E. Haber, The Status of the Minimal Supersymmetric
Standard Model and Beyond, hep-ph/9709450;
S. Dawson, SUSY and Such, hep-ph/9612229.

1.

HTTP://PDG.LBL.GOV Page 61 Created: 6/29/1998 12:34



Review of Particle Physics: C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

3. H. Dreiner, An Introduction to Fxplicit R-parity Violation,
hep-ph/9707435;
G. Bhattacharyya, Nucl. Phys. Proc. Suppl. A52, 83
(1997);
V. Barger, W.-Y. Keung, and R.J.N. Phillips, Phys. Lett.
B364, 27 (1995);
R.M. Godbole, P. Roy, and T. Tata, Nucl. Phys. B401,
67 (1993);
J. Butterworth and H. Dreiner, Nucl. Phys. B397, 3
(1993);
V. Barger, G.F. Giudice, and T. Han, Phys. Rev. D40,
1987 (1989);
S. Dawson, Nucl. Phys. B261, 297 (1985).

4. J. Bagger et al., Phys. Rev. Lett. 78, 1002 (1997) and
Phys. Rev. Lett. 78, 2497 (1997);
M. Dine, Nucl. Phys. Proc. Suppl. 52A, 201(1997);
K.S. Babu, C. Kolda, and F. Wilczek, Phys. Rev. Lett.
77,3070 (1996);
S. Dimopoulos et al., Phys. Rev. Lett. 76, 3494 (1996);
S. Dimopoulos, S. Thomas, J.D. Wells, Phys. Rev. D54,
3283 (1996), and Nucl. Phys. B488, 39 (1997);
D.R. Stump, M. Wiest, C.P. Yuan, Phys. Rev. D54, 1936
(1996);
M. Dine, A. Nelson, and Y. Shirman Phys. Rev. D51,
1362 (1995);
D.A. Dicus, S. Nandi, and J. Woodside, Phys. Rev. D41,
2347 (1990) and Phys. Rev. D43, 2951 (1990);
P. Fayet, Phys. Lett. B175, 471 (1986);
J. Ellis, K. Enqvist, and D.V. Nanopoulos, Phys. Lett.
B151, 357 (1985), and Phys. Lett. B147, 99 (1984);
P. Fayet, Phys. Lett. B69, 489 (1977) and Phys. Lett.
B70, 461 (1977).

5. R. Barbieri et al., Nucl. Phys. B243, 429 (1984) and Phys.
Lett. B127, 429 (1983);
G. Altarelli, B. Mele, and R. Petronzio, Phys. Lett. B129,
456 (1983);
G. Farrar and P. Fayet, Phys. Lett. 79B, 442 (1978) and
Phys. Lett. 76B, 575 (1978).

HTTP://PDG.LBL.GOV Page 62 Created: 6/29/1998 12:34



Review of Particle Physics: C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

6. G. Farrar, Phys. Rev. Lett. 76, 4111 (1996), Phys. Rev.
Lett. 76, 4115 (1996), Phys. Rev. D51, 3904 (1995), and
Phys. Lett. B265, 395 (1991);

V. Barger et al., Phys. Rev. D33, 57 (1986);

J. Ellis and H. Kowalski, Nucl. Phys. B259, 109 (1985);
H.E. Haber and G.L. Kane, Nucl. Phys. B232, 333 (1984);
M. Chanowitz and S. Sharpe, Phys. Lett. B126, 225
(1983).

7. DELPHI: Phys. Lett. B387, 651 (1996) and Phys. Lett.

B382, 323 (1996);

L3: Phys. Lett. B377, 289 (1996):

OPAL: Phys. Lett. B377, 273 (1996) and Phys. Lett.
B377, 181 (1996);

ALEPH: Phys. Lett. B373, 246 (1996).

8. J.-F. Grivaz, Supersymmetric Particle Searches at LEP,
hep-ph/9709505;
M. Drees and X. Tata, Phys. Rev. D43, 2971 (1991).

9. ALEPH: CERN-PPE/97-128;
DELPHI: CERN-PPE/97-107, EPS-HEP  Conf.,
Jerusalem (1997) Ref. 427;
L3: EPS-HEP Conf., Jerusalem (1997) Ref. 522;
OPAL: CERN-PPE/97-083;
L3: CERN-PPE/97-130.

10. ALEPH: EPS-HEP Conf., Jerusalem (1997) Ref. 594 and
7. Phys. C72, 549 (1996).

11. OPAL: CERN-PPE/97-124;
DELPHI: EPS-HEP Conf., Jerusalem (1997) Ref. 353;
ALEPH: CERN-PPE /97-056;
OPAL: CERN-PPE/96-182.

12. AMY: Phys. Lett. B369, 86 (1996).
13.  Preliminary results from the combination of LEP experi-
ments, prepared by the LEP SUSY Working Group, and

presented by P. Janot, S. Asai, and M. Chemarin, at the

EPS-HEP Conf., Jerusalem (1997);
See also http://www.cern.ch/lepsusy/.

14. ALEPH: Phys. Lett. B405, 379 (1997);
DELPHI: Phys. Lett. B396, 315 (1997).

HTTP://PDG.LBL.GOV Page 63 Created: 6/29/1998 12:34



Review of Particle Physics: C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

15. ALEPH: CERN-PPE/97-084;
OPAL: CERN-PPE/97-046.

16. ALEPH: EPS-HEP Conf., Jerusalem (1997) Ref. 621;
DELPHI: EPS-HEP Conf., Jerusalem (1997) Ref. 589;
OPAL: EPS-HEP Conf., Jerusalem (1997) Ref. 213;
ALEPH: Phys. Lett. B384, 461 (1996) and Phys. Lett.
B349, 238 (1995);

OPAL: Phys. Lett. B313, 333 (1993).

17. L3: CERN-PPE/97-99;
DELPHI: EPS-HEP Conf., Jerusalem (1997) Ref. 467.

18. ALEPH: CERN-PPE/97-122;
DELPHI: CERN-PPE/97-107;
L3: CERN-PPE/97-076.

19. L3: EPS-HEP Conf., Jerusalem (1997) Ref. 859;
DELPHI: EPS-HEP Conf., Jerusalem (1997) Ref. 858;
ALEPH: EPS-HEP Conf., Jerusalem (1997) Ref. 856.

20. D@: EPS-HEP Conf., Jerusalem (1997) Ref. 102;
CDF: Phys. Rev. D56, R1357 (1997), Phys. Rev. Lett.
75, 618 (1995) and Phys. Rev. Lett. 69, 3439 (1992).

21. UA2: Phys. Lett. B235, 363 (1990);
UA1: Phys. Lett. B198, 261 (1987).

22. D@: Fermilab Pub-97/153-E and Fermilab Conf-96/389-
E;
CDF: Fermilab Conf-96/371-E;
D@: Phys. Rev. Lett. 76, 2228 (1996);
CDF: Phys. Rev. Lett. 76, 4307 (1996).

23. D@: Fermilab Conf-96/389-E and Fermilab Conf-96/254-
E;
CDF: Fermilab Conf-96/372-E and Phys. Rev. Lett. 76,
2006 (1996).

24. J.L. Hewett, T.G. Rizzo, M.A. Doncheski, Phys. Rev.
D56, 77 (1997);
I. Terekhov and L. Clavelli, Phys. Lett. B385, 139 (1996).

25. D@: Fermilab Pub-96/449-E and Phys. Rev. Lett. 76,
2222 (1996).

HTTP://PDG.LBL.GOV Page 64 Created: 6/29/1998 12:34



Review of Particle Physics: C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

26. S. Park, in Proceedings of the 10th Topical Workshop on
Proton-Antiproton Collider Physics, Fermilab, 1995, ed.
by R. Raja and J. Yoh (AIP, New York, 1995) 62.

27. J. Ellis, J.L. Lopez, and D.V. Nanopoulos, Phys. Lett.
B394, 354 (1997);
J.L.. Lopez and D.V. Nanopoulos, Phys. Rev. D55, 4450
(1997) and Phys. Rev. D55, 5813 (1997);
J.L. Lopez, D.V. Nanopoulos, and A. Zichichi, Phys. Rev.
Lett. 77, 5168 (1996);
S. Ambrosanio et al., Phys. Rev. Lett. 76, 3498 (1996)
and Phys. Rev. D54, 5395 (1996).

28. D@: EPS-HEP Conf., Jerusalem (1997) Ref. 799 and
Phys. Rev. Lett. 78, 2070 (1997);
CDF: Phys. Rev. Lett. 75, 613 (1995).

29. V.A. Noyes, Oxford preprint OUNP-97-11;
hep-ex/9707037;
H1: Phys. Lett. B380, 461 (1996).

30. H1: Z. Phys. C71, 211 (1996).
31. KTeV: preprint Rutgers-97-26, hep-ex/9709028.
32. ET61: Phys. Rev. Lett. 78, 3252 (1997).

HTTP://PDG.LBL.GOV Page 65 Created: 6/29/1998 12:34



Review of Particle Physics: C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)
Supersymmetry — THIS IS PART 4 OF 4
To reduce the size of this section’s PostScript file, we have

divided it into three PostScript files. We present the fol-
lowing index:

PART 1
Page # Section name
1 Note on Supersymmetry — Part I Theory
PART 2
Page # Section name
32 Note on Supersymmetry — Part II Experiment
PART 2
Page # Section name
48 Note on Supersymmetry — Part I Experiment (cont.)
PART 4
Page # Section name
66 Data Listings

HTTP://PDG.LBL.GOV Page -4 Created: 6/20/1998 12:34



Review of Particle Physics: C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

MINIMAL SUPERSYMMETRIC
STANDARD MODEL ASSUMPTIONS

All results shown below (except where stated otherwise) are based on the
Minimal Supersymmetric Standard Model (MSSM) as described in the
Note on Supersymmetry. This includes the assumption that R-parity is
conserved. In addition the following assumptions are made in most cases:

1) The >~<(1) (or ) is the lightest supersymmetric particle (LSP).

2) mz = m% where ?L and ?R refer to the scalar partners of left-and
f fr

right-handed fermions.

Limits involving different assumptions either are identified with comments

or are in the miscellaneous section.

When needed, specific assumptions of the eigenstate content of neutralinos
and charginos are indicated (use of the notation 5 (photino), H (Higgsino),
W (w-ino), and Z (z-ino) indicates the approximation of a pure state was
made).

X9 (Lightest Neutralino) MASS LIMIT
>~<(1) is likely to be the lightest supersymmetric particle (LSP). See also the >~<(2) >~<g >~<2
section below.
We have divided the >~<(1) listings below into three sections: 1) Accelerator limits for

>~<(1) 2) Bounds on >~<(1) from dark matter searches, and 3) Other bounds on >~<(1) from
astrophysics and cosmology.

Accelerator limits for X‘l’
These papers generally exclude regions in the My — i parameter plane based on ac-
celerator experiments. Unless otherwise stated, these papers assume minimal super-

symmetry and GUT relations (gaugino-mass unification condition). Amg = mso —
2
Xl
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT
>24.9 95 1 ABREU 98 DLPH
>10.9 95 2 ACCIARRI 98F L3 tan8 >1
>13.3 95 3 ACKERSTAFF 98L OPAL tanj > 1
>12.5 95 4 ALEXANDER 96L OPAL tan8 > 1.5
>12.8 95 5BUSKULIC ~ 96A ALEP mj; >200 GeV
>23 95 6 ACCIARRI 95E L3 tanf >3
o o o We do not use the following data for averages, fits, limits, etc. @ o o
>17 95 7 ELLIS 97C RVUE All tan3
8 ABREU 960 DLPH
9 ACCIARRI 96F L3
>12.0 95 10 ALEXANDER 965 OPAL 1.5 <tanj <35
>0 11 FRANKE 94 RVUE xcl) mixed with a singlet
>20 95 12 pecamp 92 ALEP tan3 >3
>5 90 13 HEARTY 89 ASP 7 for my <55 GeV

HTTP://PDG.LBL.GOV Page 66 Created: 6/29/1998 12:34



Review of Particle Physics: C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

1 ABREU 98 bound combines the chargino and neutralino searches at 1/s=161, 172 GeV
with single-photon-production results at LEP-1 from ABREU 97J. The limit is based on
the same assumptions as ALEXANDER 96J except mg=1 TeV.

2 ACCIARRI 98F evaluates production cross sections and decay branching ratios within the
MSSM, and includes in the analysis the effects of gaugino cascade decays. The limit is
obtained for 0 <M, < 2000, ’u’ < 500, and 1<tanf < 40, but remains valid outside
this domain. No dependence on the trilinear-coupling parameter A is found. The limit
holds for all values of mq consistent with scalar lepton contraints. It improves to 24.6
GeV for my; > 200 GeV. Data taken at /s = 130-172 GeV.

3 ACKERSTAFF 98L evaluates production cross sections and decay branching ratios within
the MSSM, and includes in the analysis the effects of gaugino cascade decays. The bound

is determined indirectly from the X7 and X9 searches within the MSSM. The limit is
1 2

obtained for 0 <M, < 1500, ’u’ < 500 and tanB > 1, but remains valid outside this
domain. The limit holds for the smallest value of mg consistent with scalar lepton
constraints (ACKERSTAFF 97H). It improves to 24.7 GeV for my=1 TeV. Data taken at
v/s=130-172 GeV.

4 ALEXANDER 96L bound for tan8=35 is 26.0 GeV. I

S BUSKULIC 96A puts a lower limit on mso from the negative search for neutralinos,
1

charginos. The bound holds for m;; > 200 GeV. A small region of (u,My) still allows

m>~<0:0 if sneutrino is lighter. This analysis combines data from et e~ collisions at

\/§i91.2 and at 130-136 GeV.

6 ACCIARRI 95E limit for tanB >2 is 20 GeV, and the bound disappears if tang ~ 1.

TELLIS 97C uses constraints on X=, X0, and ¢ production obtained by the LEP experi-
ments from et e~ collisions at V/s = 130-172 GeV. It assumes a universal mass mg for
scalar leptons at the grand unification scale.

8 ABREU 960 searches for possible final states of neutralino pairs produced in ete™
collisions at /s = 130-140 GeV. See their Fig. 3 for excluded regions in the (i, M5)
plane.

9 ACCIARRI 96F searches for possible final states of neutralino pairs produced in ete™
collisions at y/s= 130-140 GeV. See their Fig. 5 for excluded regions in the (, M5) plane.

10 ALEXANDER 96J bound is determined indirectly from the >~<it and >~<(2) searches within
MSSM. A universal scalar mass my) at the grand unification scale is assumed. The bound

is for the smallest possible value of mg allowed by the LEP ¢, 7 mass limits. Branching
fractions are calculated using minimal supergravity. The bound is for m>~<8 — m>~<(1) >10

GeV. The limit improves to 21.4 GeV for mg=1 TeV. Data taken at /s = 130-136
GeV. ACKERSTAFF 96C, using data from /s = 161 GeV, improves the limit for mg =
1 TeV to 30.3 GeV.

11 FRANKE 94 reanalyzed the LEP constraints on the neutralinos in the MSSM with an
additional singlet.

12 DECAMP 92 limit for tan8 >2 is m>13 GeV.

I3 HEARTY 89 assumed pure 7 eigenstate and mg, = Mgy There is no limit for mz >58

GeV. Uses et e™ — ~¥~7. No GUT relation assumptions are made.
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Bounds on X‘l’ from dark matter searches
These papers generally exclude regions in the My — i parameter plane assuming that
>~<(1) is the dominant form of dark matter in the galactic halo. These limits are based
on the lack of detection in laboratory experiments or by the absence of a signal in
underground neturino detectors. The latter signal is expected if >~<(1) accumlates in the
Sun or the Earth and annihilates into high-energy v's.

VALUE DOCUMENT ID TECN

o o o We do not use the following data for averages, fits, limits, etc. @ o o

14 BOTTINO 97 DAMA
15 L osEcco 95 RVUE
16 MORI 93 KAMI
17 BOTTINO 92 COSM
18 BOTTINO 91 RVUE

19 GELMINI 91 COSM
20 KAMIONKOW.91 RVUE
21 MORI 918 KAMI
none 4-15 GeV 22 OLIVE 88 COSM

14BOTTINO 97 points out that the current data from the dark-matter detection experi-
ment DAMA are sensitive to neutralinos in domains of parameter space not excluded by
terrestrial laboratory searches.

15| OSECCO 95 reanalyzed the IMB data and places lower limit on mso of 18 GeV if

the LSP is a photino and 10 GeV if the LSP is a higgsino based on LSPlannihiIation in
the sun producing high-enery neutrinos and the limits on neutrino fluxes from the IMB
detector.

16 MORI 93 excludes some region in My—u parameter space depending on tan3 and lightest
scalar Higgs mass for neutralino dark matter mso >myy, using limits on upgoing muons

produced by energetic neutrinos from neutralino annihilation in the Sun and the Earth.

17BOTTINO 92 excludes some region Mo-p1 parameter space assuming that the lightest
neutralino is the dark matter, using upgoing muons at Kamiokande, direct searches by
Ge detectors, and by LEP experiments. The analysis includes top radiative corrections
on Higgs parameters and employs two different hypotheses for nucleon-Higgs coupling.
Effects of rescaling in the local neutralino density according to the neutralino relic abun-
dance are taken into account.

18 BOTTINO 91 excluded a region in My — 1 plane using upgoing muon data from Kamioka
experiment, assuming that the dark matter surrounding us is composed of neutralinos
and that the Higgs boson is not too heavy.

19 GELMINI 91 exclude a region in My — u plane using dark matter searches.

20 KAMIONKOWSKI 91 excludes a region in the My—p plane using IMB limit on upgoing
muons originated by energetic neutrinos from neutralino annihilation in the sun, assuming

that the dark matter is composed of neutralinos and that m 5 50 GeV. See Fig. 8

HY
in the paper.

>~<(1) 5 80 GeV using
a limit on upgoing muons originated by energetic neutrinos from neutralino annihilation
in the earth, assuming that the dark matter surrounding us is composed of neutralinos

and that m 80 GeV.

21 MORI 91B exclude a part of the region in the My—p plane with m

HY S
22 OLIVE 88 result assumes that photinos make up the dark matter in the galactic halo.

Limit is based on annihilations in the sun and is due to an absence of high energy
neutrinos detected in underground experiments. The limit is model dependent.
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Other bounds on Xg from astrophysics and cosmology
Most of these papers generally exclude regions in the My —pu parameter plane by

requiring that the >~<(1) contribution to the overall cosmological density is less than
some maximal value to avoid overclosure of the Universe. Those not based on the
cosmological density are indicated. Many of these papers also include LEP and/or
other bounds.

VALUE CL% DOCUMENT ID TECN COMMENT
>40 23 ELLIS 97¢ RVUE |
o o o We do not use the following data for averages, fits, limits, etc. @ o o
>21.4 95 24 ELLIS 968 RVUE tan8 > 1.2, i <0 |
25 FALK 95 COSM CP-violating phases
DREES 93 COSM Minimal supergravity
FALK 93 COSM Sfermion mixing
KELLEY 93 COSM Minimal supergravity
MIZUTA 93 COSM Co-annihilation
ELLIS 92F COSM Minimal supergravity
KAWASAKI 92 COSM Minimal supergravity,
LOPEZ 92 COSM Minimal supergravity,
MCDONALD 92 COSM
NOJIRI 91 COSM Minimal supergravity
26 OLIVE 91 COSM
ROSZKOWSKI 91 COSM
ELLIS 90 COSM
27 GRIEST 90 COSM
28 GRIFOLS 90 ASTR 7; SN 1987A
KRAUSS 90 COSM
26 OLIVE 89 COSM
> 100 eV 29 ELLIS 888 ASTR 7; SN 1987A
nong {/OO eV — (5-7) SREDNICKI 88 COSM 7; m?:60 GeV
noneeIOO eV — 15 GeV SREDNICKI 88 COSM #; m;:lOO GeV
none 100 eV-5 GeV ELLIS 84 COSM #7; for m?:100 GeV
GOLDBERG 83 COSM ~
30 KRAUSS 83 COSM 7

VYSOTSKIlI 83 COSM 7%

23 ELLIS 97C uses in addition to cosmological constraints, data from et e~ collisions at
170-172 GeV. It assumes a universal scalar mass for both the Higgs and scalar leptons,
as well as radiative supersymmetry breaking with universal gaugino masses. ELLIS 97C
also uses the absence of Higgs detection (with the assumptions listed above) to set a
limit on tan3 > 1.7 for u < 0 and tan3 > 1.4 for y > 0. This paper updates ELLIS 96B.

24ELLIS 96B uses, in addition to cosmological constraints, data from BUSKULIC 96K and
SUGIMOTO 96. It assumes a universal scalar mass mqy and radiative Supersymmetry
breaking, with universal gaugino masses.

25 Mass of the bino (=LSP) is limited to mg 5 350 GeV for m; = 174 GeV.

26 Mass of the bino (=LSP) is limited to mg 5 350 GeV for m; < 200 GeV. Mass of

the higgsino (=LSP) is limited to my 5 1 TeV for my <200 GeV.
27 Mass of the bino (=LSP) is limited to mg 5 550 GeV. Mass of the higgsino (=LSP)

is limited to mltl 5 3.2 TeV.
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28 GRIFOLS 90 argues that SN1987A data exclude a light photino (5 1 MeV) if mg < 1.1

TeV, mg < 0.83 TeV.

29ELLIS 88B argues that the observed neutrino flux from SN 1987A is inconsistent with
a light photino if 60 GeV < mg < 2.5 TeV. If m(higgsino) is O(100 V) the same
argument leads to limits on the ratio of the two Higgs v.e.v.'s. LAU 93 discusses possible
relations of ELLIS 88B bounds.

30 KRAUSS 83 finds my, not 30 eV to 2.5 GeV. KRAUSS 83 takes into account the gravitino

decay. Find that limits depend strongly on reheated temperature. For example a new

allowed region my = —20 MeV exists if Mgravitino <40 TeV. See figure 2.

X3, X3, X3 (Neutralinos) MASS LIMITS
Neutralinos are unknown mixtures of photinos, z-inos, and neutral higgsinos (the su-
persymmetric partners of photons and of Z and Higgs bosons). The limits here apply
only to >~<(2) >~<g and >~<2 >~<(1) is the lightest supersymmetric particle (LSP); see >~<(1)
Mass Limits. It is not possible to quote rigorous mass limits because they are ex-
tremely model dependent; i.e. they depend on branching ratios of various x0 decay
modes, on the masses of decay products (€, 7, g, g), and on the € mass exchanged

inete™ — >~<?>~<0 Often limits are given as contour plots in the m, — my plane

X0
vs other parameters. When specific assumptions are made, e.g, the neutralino is a
pure photino (%), pure z-ino (Z), or pure neutral higgsino (HO), the neutralinos will

be labelled as such.

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT
> 45.3 95 31 ACKERSTAFF 98L OPAL X9, tang > 1 |
> 75.8 95 31 ACKERSTAFF 98L OPAL >~<8, tanf > 1 |
>127 95 32 ACCIARRI 95E L3 >~<§, tang >3
o o ¢ We do not use the following data for averages, fits, limits, etc. @ o o
> 02 95 33 ACCIARRI 98F L3 Hg, tanf=1.41, My < |
500 GeV
34 ABACHI 9% DO  pp— %i%g
35 ABE 96K CDF  pp — X7 X3 |
36 ACCIARRI 96F L3 X9 |
> 86.3 95 37 ACKERSTAFF 96C OPAL X9 |
> 453 95 38 ALEXANDER 96J OPAL >?§1.5 <tanf <35 |
> 33.0 95 39 ALEXANDER 96L OPAL >~<g, tan3 > 1.5 |
> 68 95 40 BUSKULIC 96k ALEP X3 |
> 52 95 32 ACCIARRI 95€E L3 >~<g, tan8 >3
> 84 95 32 ACCIARRI 95€ L3 >~<g, tan8 >3
> 45 95 41 pECcAMP 92 ALEP >~<g, tan8 >3
42 ABREU 906 DLPH Z — X0X0
43 AKRAWY 90N OPAL Z — XO0X0
> 57 90 44 BAER 9 RVUE X§;r(2); tan >1
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45 BARKLOW 90 MRK2 Z — X9Xx0 Xx0x0

SR 22
46 DECAMP 90k ALEP Z — XX
> 41 95 47 SAKAI 9 AMY ete™ — HYHJ
(H — ffH(l))
> 31 95 48BEHREND  87B CELL ete™ — 3Z
(Z — qq7), mz <
70 GeV  _
> 30 95 49BEHREND  87B CELL ete — 3Z
(Z — qqg)
> 31.3 95 S0 BEHREND 878 CELL ete™ — H{H)
(H — f?y(l))
> 22 95 SLBEHREND 878 CELL eTe™ — ~5Z
(Z — vv)
52 AKERLOF 85 HRS ete™ — FX0
(X9 — qg7)
none 1-21 95 53 BARTEL 85L JADE eTe™ — HYHY,
S4BEHREND 85 CELL ete™ — monojet X
> 35 95 55 ADEVA 848 MRKJ ete™ — ~Z
(Z — (29)
> 28 95 56 BARTEL 84C JADE ete™ — ~Z
(Z — ff7)

STELLIS 84 COSM
31 ACKERSTAFF 98L is obtained from direct searches in the et e™ — >~<(1) >~<(2) 3 production I

channels, and indirectly from )?it and >~<(1) searches within the MSSM. See footnote to I

ACKERSTAFF 98L in the chargino Section for further details on the assumptions. Data
taken at 1/s=130-172 GeV.

32 ACCIARRI 95 limits go down to 0 GeV (X9), 60 GeV (XJ), and 90 GeV (XJ) for tans=1.
33 ACCIARRI 98F is obtained from direct searches in the et e™ — >~<(1) 2)?(2) production I

ACCIARRI 98F in the chargino Section for futher details on the assumptions. Data taken
at /s = 130-172 GeV.

34 ABACHI 96 searches for 3-lepton final states. Efficiencies are calculated using mass
relations and branching ratios in the Minimal Supergravity scenario. Results are presented

as lower bounds on a()?it >~<(2)) X B()?it — Eug?(cl)) X B(>~<(2) — ot >~<(1)) as a function
of mzg. Limits range from 3.1 pb (m>~<0 = 45 GeV) to 0.6 pb (m>~<0 = 100 GeV).
1 1

channels, and indirectly from )?it and >~<(1) searches within the MSSM. See footone to I

35 ABE 96K looked for tripleton events from chargino-neutralino production. They obtained I
lower bounds on m>~<g as a function of u. The lower bounds are in the 45-50 GeV range
for gaugino-dominant >~<(2) with negative p, if tanG <10. See paper for more details of I
the assumptions.

36 ACCIARRI 96F looked for associated production ete — >~<(1)>~<(2) See the paper for
upper bounds on the cross section. Data taken at /s = 130-136 GeV.

37 ACKERSTAFF 96C is obtained from direct searches in the eTe™ — >~<(1) >~<(2) 3 production I

channel, and indirectly from )?it searches within MSSM. Data from /s = 130, 136, and

161 GeV are combined. The same assumptions and constraints of ALEXANDER 96J
apply. The limit improves to 94.3 GeV for mg = 1 TeV.
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38 ALEXANDER 96 looked for associated e e™ — >~<(1) >~<(2) A universal scalar mass mg at
the grand unification scale is assumed. The bound is for the smallest possible value of m(

alowed by the LEP 7, ¥ mass limits, 1.5 <tan( <35. Branching fractions are calculated
using minimal supergravity. The bound is for m

to 47.5 GeV for my=1 TeV. Data taken at /s = 130-136 GeV. ACKERSTAFF 96¢,
using data from /s = 161 GeV, improves the limit for mg = 1 TeV to 51.9 GeV.
39 ALEXANDER 96L bound for tan3=35 is 51.5 GeV.

C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

>~<8 - m>~<(1) >10 GeV. The limit improves

40 BUSKULIC 96K looked for associated et e — >~<(1)>~<(2) and assumed the dominance of

off-shell Z-exchange in the >~<(2) decay. The bound is for m

X0

0 — m>~<(1) >0 GeV. Data

taken at /s = 130-136 GeV.

4L For tanB >2 the limit is >40 GeV; and it disappears for tang < 1.6.

42 ABREU 906G exclude B(Z — X§XJ) > 1073 and B(Z — XJX§) > 2x 1073
assuming >~<(2) — >~<(1) ff via virtual Z. These exclude certain regions in model parameter
space, see their Fig. 5.

43 AKRAWY 90N exclude B(Z — >~<(1)>~<(2)) Z 3-5 x 10~4 assuming >~<(2) — >~<(1) ffor >~<(1)fy
for most accessible masses. These exclude certain regions in model parameter space, see

their Fig. 7.

44 BAER 90 is independent of decay modes. Limit from analysis of supersymmetric param-
eter space restrictions implied by Al'(Z) < 120 MeV. These result from decays of Z to

all combinations of )NCIi and >~<? Minimal supersymmetry with tan8 > 1 is assumed.

45 5ee Figs. 4, 5 in BARKLOW 90 for the excluded regions.
46 DECAMP 90K exclude certain regions in model parameter space, see their figures.

47 SAKAI 90 assume m,f/O = 0. The limit is for m
1

~0.
H,

48 pure ~ and pure Z eigenstates. B(z — gq~) = 0.60 and B(z — et e~ %) = 0.13.

Mg = Meg

< 70 GeV. mz < 10 GeV.

5

49pure ~ and pure Z eigenstates. B(z — qqg)=1.my =mz_ <70 GeV. mz =0.

€L €R '7

50 pyre higgsino. The LSP is the other higgsino and is taken massless. Limit degraded if

X0 not pure higgsino or if LSP not massless.
51pyre 5 and pure Z eigenstates. B(Z — vv) =1. mz = mz_ =26 GeV. mz = 10

€L €R '7

GeV. No excluded region remains for mz >30 GeV.

e

52 AKERLOF 85 is eTe™ monojet search motivated by UA1 monojet events. Observed
only one event consistent with et e™ — f7+XO where X0 — monojet. Assuming that

missing-p T~ is due to 7, and monojet due to >~<O, limits dependent on the mixing and m~
T 2l

e

are given, see their figure 4.
53 BARTEL 85L assume m~(1) =0,z — Hcl) Hg) Z % M(Z — vgUg). The limit is

for m~g.

H3

H

54 BEHREND 85 find no monojet at E.,, = 40-46 GeV. Consider X0 pair production via

Z0. One is assumed as massless and escapes detector. Limit is for the heavier one,

decaying into a jet and massless X0. Both X0's are assumed to be pure higgsino. For
these very model-dependent results, BEHREND 85 excludes m = 1.5-19.5 GeV.

55 ADEVA 84B observed no events with signature of acoplanar lepton pair with missing
energy. Above example limit is for my <2 GeV and mz <40 GeV, and assumes

B(Z - ptpu 7)=B(Z— ete 5)=0.10. BR = 0.05 gives 33.5 GeV limit.
56 BARTEL 84C search for et e™ — Z+F with Z — F+et e, uT ™, qq, etc. They

see no acoplanar events with missing-p T due to two 7's. Above example limit is for my

e

= 40 GeV and for light stable 5 with B(Z — ete™7) = 0.1.
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STELLIS 84 find if lightest neutralino is stable, then ms not 100 eV — 2 GeV (for m =

40 GeV). The upper limit depends on mg (similar to the ¥ limit) and on nature of X0,
For pure higgsino the higher limit is 5 GeV.

Unstable X (Lightest Neutralino) MASS LIMIT

Unless stated otherwise, the limits below assume that the 7 decays either into G (gold-
stino) or into fyHO(Higgsino).

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT
o o o We do not use the following data for averages, fits, limits, etc. @ o o
>77 95 58 ABBOTT 98 DO pp— vy ET4X
59 ABREU 98 DLPH eTe™ — X{X9 (X0 — ~G)
60 ACKERSTAFF 98) OPAL ete™ — XOX0 (X0 — 4 ¢) |
95  OLACCIARRI  97vL3  ete™ — XOXO (X0 — 4G) |
62 ELLIS 97 THEO ete™ — %6%6, %‘l}ﬁ vG |
63 BUSKULIC ~ 96U ALEP etTe™ — >~<1>~<315 |
(>~<(1) — vt
>40 95 04 BUSKULIC ~ 95E ALEP ete™ — XOX9
(>~<(1) — vt
65 BUSKULIC ~ 95E ALEP eTe™ — 77
(F — vet)
66 ACTON 936 OPAL eTe™ — 77
(7 - Tié?”@/)
67 ABE 89) VNS ete™ — 77
(3 = 7G or yHY)
>15 95 68 BEHREND 878 CELL ete™ — 77
(3 = vG or yHY)
69 ADEVA 85 MRKJ
70 BALL 84 CALO Beam dump
71 BARTEL 848 JADE

7IBEHREND 83 CELL
72 CABIBBO 81 COSM

58 ABBOTT 98 studied the chargino and neutralino production, where the lightest

neutralino in their decay products further decays into G. The limit assumes the gaugino

mass unification.
59 ABREU 98 uses data at v/5=161 and 172 GeV. Upper bounds on v~k cross section are I

obtained. Similar limits on vE are also given, relevant for ete™ — >~<(1) G production.
60 ACKERSTAFF 98J looked for v~ final states at /s=161-172 GeV. They set limits on

cr(e+ e — >~<(1)>~<(1)) in the range 0.22-0.50 pb for mso in the range 45-86 GeV. Mass

limits for explicit models from the literature are given in Fig. 19 of their paper. Similar
limits on y+missing energy are also given, relevant for Xcl) G production.

61 ACCIARRI 97V looked for ~~E final states at 1/s=161 and 172 GeV. They set limits on
cr(e+ e — Xcl) X?) in the range 0.25-0.50 pb for masses in the range 45—85 GeV. The I

lower limits on myq vary in the range of 64.8 GeV (pure bino with 90 GeV slepton) to

75.3 GeV (pure higgsino). There is no limit for pure zino case.
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62 ELLIS 97 reanalyzed the LEP2 (y/5=161 GeV) limits of o(yy+Episs)< 0.2 pb to exclude |

myg < 63 GeV if me, =Mz, < 150 GeV and >~<(1) decays to 76 inside detector. I

03 BUSKULIC 96U extended the search for eTe™ — X9X¥ in BUSKULIC 95€ under
the same assumptions. See their Fig. 5 for excluded region in the neutralino-chargino
parameter space. Data taken at /s = 130-136 GeV.

64 BUSKULIC 95E looked for et e~ — >~<(1) >~<(1) where >~<(1) decays via R-parity violating in-
teraction into one neutrino and two opposite-charge leptons. The bound applies provided
that B(Z — %(1);((1))> 3 x 10_563, 3 being the final state >~<(1) velocity.

65 BUSKULIC 95E looked for eTe™ — 47, where 7 decays via R-parity violating interac-
tion into one neutrino and two opposite-charge leptons. They extend the domain in the

(mg,ma) plane excluded by ACTON 93G to mg >220 GeV/c2 (for m§:15 GeV/c2)
and to mz >2 GeV/c2 (for myz <220 GeV/c2).

66 ACTON 93G assume R-parity violation and decays ¥ — ¥ vy ({= e or pu). They
exclude my = 4-43 GeV for mgL <42 GeV, and my = 7-30 GeV for mgL <100 GeV

(95% CL). Assumes ep much heavier than ¢/, and lepton family number violation but
Le'Lu conservation.

67 ABE 89J exclude ms = 0.15-25 GeV (95%CL) for d = (100 GeV)? and my = 40 GeV
in the case ¥ — G, and mz up to 23 GeV for mz = 40 GeV in the case ¥ — ’yltlo.

68 BEHREND 878 limit is for unstable photinos only. Assumes B(F — ~(Gor HO)) =1,

ma‘orltlo < my and pure 7 eigenstate. mgL = ng < 100 GeV.

69 ADEVA 85 is sensitive to 5 decay path <5 cm. With m= = 50 GeV, limit (CL = 90%)
is mz >20.5 GeV. Assume 7 decays to photon + golgstino and search for acoplanar
photons with large missing p 7.

T0BALL 84 is FNAL beam dump experiment. Observed no 7 decay, where 7's are expected
to come from g's produced at the target. Three possible 7 lifetimes are considered.
Gluino decay to goldstino + gluon is also considered.

71 BEHREND 83 and BARTEL 84B look for 2+ events from 7 pair production. With
supersymmetric breaking parameter d = (100 GeV)2 and mz = 40 GeV the excluded
regions at CL = 95% would be my = 100 MeV — 13 GeV for BEHREND 83 my =
80 MeV - 18 GeV for BARTEL 84B. Limit is also applicable if the ¥ decays radiatively
within the detector.

72 CABIBBO 81 consider ¥ — v+ goldstino. Photino must be either light enough (<30
eV) to satisfy cosmology bound, or heavy enough (>0.3 MeV) to have disappeared at
early universe.

X{, X5 (Charginos) MASS LIMITS
Charginos (>~<i’s) are unknown mixtures of w-inos and charged higgsinos (the su-
persymmetric partners of W and Higgs bosons). Mass limits are relatively model
dependent, so assumptions concerning branching ratios need to be specified. When
specific assumptions are made, e.g. the chargino is a pure w-ino (W) or pure charged
higgsino (Itl:t) the charginos will be labelled as such.

In the Listing below, we use Am+ = m>~<1i — My Am,, = my+ — mg, or simply

1
Am to indicate that the constraint applies to both Am+ and Am,,.

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT
> 67.6 95 73 ABREU 98 DLPH Am> 10 GeV
> 69.2 95 74 ACCIARRI 98F L3 tan8 < 1.41
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> 65.7 95 > ACKERSTAFF 98L OPAL Am_ >3 GeV
> 56.3 95 76 ABREU 96L DLPH ete™ — XtX—
> 64 95 77 ACCIARRI 96F L3 ete — XtXx—

m>~<0 < 43 GeV

o o o We do not use the following data for averages, fits, limits, etc. @ o o

>150 95 78 ABBOTT 98 DO pp— vy Ey+X
79 ABBOTT 98c DO  pp — xlixg
> 71.8 95 80 ABREU 98 DLPH ete~ — X+X—, |
Xg_) — Gy
81 ACKERSTAFF 98K OPAL X1+ — ¢+ E
82 CARENA 97 THEO g, —2
83 KALINOWSKI 97 THEO W — Xy X0 |
84 ABE 96k CDF  pp — %li%g |
> 62 95 85 ACKERSTAFF 96C OPAL ete™ — XTX— |
> 58.7 95 86 ALEXANDER 96J OPAL ete™ — XtX— |
> 63 95 87 BUSKULIC ~ 96K ALEP ete— — XtX— |
88BUSKULIC 96U ALEP ete™ — X{X ;R |
parity violation
> 44.0 95 89 ADRIANI 93m L3 Z— XtX—, r(2)
> 45.2 95 90 pecamP 92 ALEP Z — XTX~, all mgg
o 1
> 47 95 90 pecAMP 92 ALEP Z — XtX—,
m>~<(1) <41 GeV
> 99 95 91 HIDAKA 91 RVUE X
> 445 95 92 ABREU 906 DLPH Z — X+tX—,
ms < 20 GeV
> 45 95 93 AKESSON 908 UA2 pp — ZX
(Z— wtw™)
> 45 95 94 AKRAWY 90D OPAL ete— — XtX—;
ms < 20 GeV
> 45 95 95 BARKLOW 90 MRK2 Z — Wt W~
> 42 95 96 BARKLOW 90 MRK2 Z — HtH™
> 445 95 97 DECAMP 90C ALEP eTe™ — XtX—;
5 <28 GeV
> 25.5 95 98 ADACHI 89 TOPZ ete™ — X+X—
> 44 95 99 ADEVA 898 L3  ete  — Wtw—,
W — v orlvy
> 45 90 100 ANSARI 87D UA2  pp — ZX
(Zz - wtw—,
wt e:tﬁ)

73 ABREU 98 uses data at v/s=161 and 172 GeV. The universal scalar mass at the GUT
scale is assumed to compute branching fractions and mass spectrum. The limit is for
41 <m; < 100 GeV, and tan=1-35. The limit improves to 84.3 GeV for m;; > 300
GeV. For Am+ below 10 GeV, the limit is independent of m;, and is given by 80.3 GeV
for Am+ = 5GeV, and by 52.4 GeV for Am+ = 3 GeV.

74 ACCIARRI 98F evaluates production cross sections and decay branching ratios within the

MSSM, and includes in the analysis the effects of gaugino cascade decays. The limit is
obtained for 0 <My < 2000, tan3 < 1.41, and p = —200 GeV, and holds for all values
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of my. No dependence on the trilinear-coupling parameter A is found. It improves to 84
GeV for large sneutrino mass, at u=—200 GeV. See the paper for limits obtained with
specific assumptions on the gaugino/higgsino composition of the state. Data taken at
/s = 130-172 GeV.

75 ACKERSTAFF 98L evaluates production cross sections and decay branching ratios within
the MSSM, and includes in the analysis the effects of gaugino cascade decays. The
limit is obtained for 0 <M, < 1500, ’u’ < 500 and tanB > 1, but remains valid
outside this domain. The dependence on the trilinear-coupling parameter A is studied,
and found neglibible. The limit holds for the smallest value of m( consistent with scalar
lepton constraints (ACKERSTAFF 97H) and for all values of my where the condition

Amg > 2.0 GeV is satisfied. Am,, > 10 GeV if Xt - £vy. The limit improves to 84.5
GeV for mg=1TeV. Data taken at 1/s=130-172 GeV.

76 ABREU 96L assumes the dominance of off-shell W-exchange in the chargino decay and
A(m) >10 GeV. The bound is for the smallest £, 7 mass allowed by LEP, provided either

my >my. or myy — my >10 GeV. 1<tanf <35. For a mostly higgsino xt (m>~<jE — I

m%O:5 GeV) the limit is 63.8 GeV, independently of the ¢ masses. Data taken at Vs I

= 130-136 GeV.

7T ACCIARRI 96F assume mz; >200 GeV and m~. <m

~0-
X X3

regions in the (m>~<i,m>~<0) plane. Data taken at v/s = 130-136 GeV.

See their Fig. 4 for excluded

78 ABBOTT 98 studied the chargino and neutralino production, where the lightest
neutralino in their decay products further decays into v G. The limit assumes the gaugino
mass unification.

79 ABBOTT 98C searches for trilepton final states (/=e,u). Efficiencies are calculated using
mass relations and branching ratios in the Minimal Supergravity scenario. Results are
presented in Fig. 1 of their paper as lower bounds on o(pp — X+ Xg)XB(%). Limits I
range from 0.66 pb (m>~<jE =45 GeV) to 0.10 pb (m%i:124 GeV).

1 1

80 ABREU 98 uses data at v/s=161 and 172 GeV. The universal scalar mass at the GUT
scale is assumed to compute branching fractions and mass spectrum, and the radiative
decay of the lightest neutralino into gravitino is assumed. The limit is for Am> 10
GeV, 41 <my; < 100 GeV, and tan3=1-35. The limit improves to 84.5 GeV if either
mz > 300 GeV, or Am+:1 GeV independently of mz;.

81 ACKERSTAFF 98K looked for dilepton+ 1 final states at \/s=130-172 GeV. Limits on
olete™ — >~<1+ X7 )xB2(£), with BO)=B(X+ — ¢+1,x9) (B()=B(XT — 1)),
are given in Fig. 16 (Fig. 17).

82 CARENA 97 studied the constraints on chargino and sneutrino masses from muon g—2.
The bound can be important for large tang3.

83 KALINOWSKI 97 studies the constraints on the chargino-neutralino parameter space

from limits on T(W — )?it;(?) achievable at LEP2. This is relevant when )?it is I

“invisible,” i.e., if )?it dominantly decays into Zgéi with little energy for the lepton. I
Small otherwise allowed regions could be excluded.

84 ABE 96K looked for tripleton events from chargino-neutralino production. The bound I
on myy can reach up to 47 GeV for specific choices of parameters. The limits on the

combined production cross section times 3-lepton branching ratios range between 1.4
and 0.4 pb, for 45<m>~<jE (GeV)<100. See the paper for more details on the parameter

dependence of the results.
85 ACKERSTAFF 96C assumes the dominance of off-shell W-exchange in the chargino decay
and applies for Am>10 GeV in the region of parameter space defined by: My <1500

GeV, ’u’ <500 GeV and tan8 > 1.5. The bound is for the smallest £, mass allowed by
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LEP, with the efficiency for Xt o decays set to zero. The limit improves to 78.5
GeV for mg = 1 TeV. Data taken at /s = 130,136, and 161 GeV.

86 ALEXANDER 96J assumes a universal scalar mass mq at the grand unification scale.

The bound is for the smallest possible value of mg alowed by the LEP ¢, 7 mass limits.
1.5 <tanf <35. Branching fractions are calculated using minimal supergravity. The
bound is for A(m) >10 GeV. The limit improves to 65.4 GeV for my=1 TeV. Data
taken at /s = 130-136 GeV.

87 BUSKULIC 96K assumes the dominance of off-shell W-exchange in the chargino decay I

and applies throughout the (My, 1) plane for 1.41 <tan3 <35 provided either m; >my

and my, — mso >4 GeV, or my, — my >4 GeV. The limit improves to 67.8 GeV for
1

X+ X+ I
a pure gaugino XT and mz; >200 GeV. Data taken at \/s = 130-136 GeV.
88 BUSKULIC 96U searched for pair-produced charginos which decay into >~<(1) with either I

leptons or hadrons, where X9 further decays leptonically via R-parity violating interac-
tions. See their Fig. 5 for excluded region in the neutralino-chargino parameter space.
Data taken at /s = 130-136 GeV.

89 ADRIANI 93M limit from Al(Z)< 35.1 MeV. For pure wino, the limit is 45.5 GeV.

90 DECAMP 92 limit is for a general X= (all contents).

91 HIDAKA 91 limit obtained from LEP and preliminary CDF limits on the gluino mass (as
analyzed in BAER 91).

92 ABREU 906 limit is for a general XT. They assume charginos have a three-body decay
such as ¢ 7.

93 AKESSON 90B assume W — e with B > 20% and mz; = 0. The limit disappears if
ms > 30 GeV.

174
94 AKRAWY 90D assume charginos have three-body decay such as ot vy (i.e. my > ms . ).
A two-body decay, X1 — ¢7 would have been seen by their search for acoplanar leptons.
The result is independent of the hadronic branching ratio. They search for acoplanar
electromagnetic clusters and quark jets.

95 BARKLOW 90 assume 100% W — W* X(1)' Valid up to m>~<(1) 5 [mW -5 GeV].

9 BARKLOW 90 assume 100% H — H*X?. Valid up to m [m;~8 GeV].

i <
97 DECAMP 90C assume charginos have three-body decay such as E+u5 (ie. my >
m)~<+), and branching ratio to each lepton is 11%. They search for acoplanar dimuons,

dielectrons, and pe events. Limit valid for my < 28 GeV.

98 ADACHI 89 assume only single photon annihilation in the production. The limit applies
for arbitrary decay branching ratios with B(X — evy) + B(X — puvy) + B(X —

7v75) + B(X — qg4) = 1 (lepton universality is not assumed). The limit is for my =

0 but a very similar limit is obtained for m~ = 10 GeV. For B(X — gg7) = 1, the limit

5
increases to 27.8 GeV.

99 ADEVA 898 assume for £v7 (£7) mode that B(e) = B(y) = B(r) = 11% (33%) and
search for acoplanar dimuons, dielectrons, and pe events. Also assume mz < 20 GeV

5
and for £v mode that m; = 10 GeV.

100 ANSARI 87D looks for high p ete™ pair with large missing p at the CERN pp
collider at E,, = 546-630 GeV. The limit is valid when m; 5 20 GeV, B(W — elg)

=1/3, and B(Z — wt W_) is calculated by assuming pure gaugino eigenstate. See
their Fig. 3(b) for excluded region in the mys = my plane.
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Long-lived X* (Chargino) MASS LIMITS

Limits on charginos which leave the detector before decaying.

VALUE (GeV) CL% DOCUMENT ID TECN

e o o We do not use the following data for averages, fits, limits, etc. e o o
>80 95 10l ABREU 97D DLPH

>83 95 102 BARATE 97K ALEP

>45 95 ABREU 90G DLPH

>28.2 95 ADACHI 90C TOPZ

101 ABREU 97D bound applies only to masses above 45 GeV. Data collected in et e™
collisions at /s=130-172 GeV. The limit improves to 84 GeV for m;; > 200 GeV.

102 BARATE 97K uses et e~ data collected at v/s = 130-172 GeV. Limit valid for tan8 =
V2 and mz; > 100 GeV. The limit improves to 86 GeV for m;; > 250 GeV.

U (Sneutrino) MASS LIMIT

The limit depends on the number, N(7), of sneutrinos assumed to be degenerate in
mass. Only 7, (not 7p) exist. It is possible that  could be the lightest supersymmetric
particle (LSP).

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

> 43.1 95  103gs 968 RVUE [(Z — invisible); N(¥)=3 |
> 41.8 95 104 ADRIANI 93m L3 [(Z — invisible); N(7)=3

> 37.1 95 104 ADRIANI 93m L3 [(Z — invisible); N(7)=1

> 41 o5  105pgcamp 92 ALEP T(Z — invisible); N()=3

> 36 95 ABREU 91F DLPH T (Z — invisible); N(v)=1

> 32 o5 106 ABREU 91F DLPH T(Z); N(¥)=1

> 31.2 95 107 ALEXANDER 91F OPAL [(Z — invisible); N(7)=1

o o o We do not use the following data for averages, fits, limits, etc. @ o o

#mz

95

none 125-180 95

> 46.0

none 20-25000

<600
none 3-90

none 4-90
> 31.4
> 39.4

95

90

90
95
95

108 ACCIARRI 97U L3 R-parity violation
108 ACCIARRI 97U L3 R-parity violation

109 cARENA 97 THEO g, —2
110 BUSKULIC ~ 95e ALEP N(©)=1, 7 — vl
111 BecK 94 COSM Stable 7, dark matter
12 paLK 94 COSM 7 LSP, cosmic abundance
13 saT0 91 KAMI Stable 7g or 77,

dark matter
113 5aT0O 91 KAMI Stable v, dark matter
114 ApEVA 901 L3 [(Z — invisible); N(7)=1
114 ADEVA 901 L3 [(Z — invisible); N(7)=3

103 E| LIS 96B uses combined LEP data available in the Summer 1995, which constrain the
number of neutrino species to N,,=2.991 + 0.016.

104 ADRIANI 93M limit from AT(Z)(invisible)< 16.2 MeV.

105 pECAMP 92 limit is from (invisible) /I(££) = 5.91 + 0.15 (N,, = 2.97 =+ 0.07).

106 ABREU 91F limit (>32 GeV) is independent of sneutrino decay mode.

107 ALEXANDER 91F limit is for one species of & and is derived from [ (invisible, new) /T (££)

< 0.38.

108 ACCIARRI 97U studied the effect of the s-channel tau-sneutrino exchange in ete — I

ete™

at /s=my and /s=130-172 GeV, via the R-parity violating coupling

A131L1 Lje1- The limits quoted here hold for Ay37 > 0.05. Similar limits were studied

inete™ — uT u™ together with A23o0Lp L3 ey coupling. I
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109 CARENA 97 studied the constraints on chargino and sneutrino masses from muon g—2.
The bound can be important for large tang3.

110 BUSKULIC 95E looked for Z — 7, where 7 — vX9 and X§ decays via R-parity
violating interactions into two leptons and a neutrino.

111BECK 94 limit can be inferred from limit on Dirac neutrino using o(v) = 4o(v). Also
private communication with H.V. Klapdor-Kleingrothaus.

L12FAL K 94 puts an upper bound on m;; when v is LSP by requiring its relic density does
not overclose the Universe.

113SATO 91 search for high-energy neutrinos from the sun produced by annihilation of

sneutrinos in the sun. Sneutrinos are assumed to be stable and to constitute dark matter

in our galaxy. SATO 91 follow the analysis of NG 87, OLIVE 88, and GAISSER 86.

114 ADEVA 901 limit is from AN, < 0.19.

e (Selectron) MASS LIMIT

Limits assume my, = mg, unless otherwise stated. When the assumption of a uni-
versal scalar mass parameter mg for € and ep is mentioned, the relation between

m~=_and mx can be found in the “Note on Supersymmetry.”

€R €L
In the Listings below, we use Am = mg — m>~<(1)
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT
> 56 95 IS5 ACCIARRI  98F L3 Am> 5 GeV, ef ep, |
tang > 1.41
> 58.0 95 116 ACKERSTAFF 98K OPAL A(m)>5 GeV, e ep |
> 55 95 117 ACKERSTAFF 97H OPAL A(m)>5 GeV, e ep |
> 58 o5 118 BARATE 97N ALEP  A(m) >3 GeV, éfep |
o o o We do not use the following data for averages, fits, limits, etc. @ o o
> 35 95 119 BARATE 97N RVUE &g, MNV(2) |
> 57 95 120 ABREU 960 DLPH A(m) >5 GeV, et~ |
> 50 95 121 ACCIARRI  96F L3 A(m) >5GeV, et~ |
> 63 95 122D 96C H1  mg=mg, mz=35 GeV |
> 50 95  123BUSKULIC 96k ALEP A(m) >10 GelV, ehep, |
u|=1 Tev
> 63 90  124sSUGIMOTO 96 AMY mz <5 GeV, y77 |
> 77 90  125SyGIMOTO 96 RVUE mz <5 GeV, y77 |
> 46 900 126 ABE 95A TOPZ ms <5 GeV, 777 |
> 45.6 95  127BUSKULIC  95e ALEP & — evt?
> 51.9 90 HOSODA 94 VNS m==0; v37
> 45 95 128 ADRIANI 93m L3 A(m) >5 GeV, ehep
> 45 95 129 ppcamp 92 ALEP A(m) >4 GeV, efep
> 42 95 ABREU 906 DLPH mz < 40 GeV; eter
> 38 05 130 AKESSON 908 UA2  ms = 0; pp — ZX
(Z— &ter)
> 43.4 95 131 AKRAWY 90D OPAL  my < 30 GeV; ete
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> 38.1 90  132BAER 90 RVUE &j; (Z);tan8 > 1
> 435 95  133pecamp 90C ALEP  mz < 36 GeV; ete
>830 GRIFOLS 90 ASTR mz <1MeV
> 29.9 95 SAKAI 9 AMY mz < 20 GeV; ete—
> 29 95 TAKETANI 90 VNS m5 < 25 GeV,; ete—
> 60 134 ZHUKOVSKII 90 ASTR ms =0
> 28 95 135 ADACHI 89 TOPZ ms 0.85mg; et e
> 41 95 136 ADEVA 898 L3 ms < 20 GeV; ete—
> 32 90 137 ALBAJAR 89 UAL pp— WEX

(WE — &)

(e — e7¥)
> 14 90 138 ALBAJAR 80 UAlL Z— ete™
> 53 95 139,140 HEARTY 89 ASP  mz=0; 737
> 50 95 HEARTY 89 ASP  m <5 GeV; y77
> 35 95 HEARTY 89 ASP  ms <10 GeV; 777
> 515 90 141,142 BEHREND 888 CELL ms =0 GeV; y77
> 48 90 BEHREND 888 CELL ms <5 GeV; y77

115 ACCIARRI 98F looked for acoplanar dielectron+% 7 final states at 1/s=130-172 GeV.

The limit assumes u=—200 GeV, and zero efficiecny for decays other than ep — egcl).
See their Fig. 6 for the dependence of the limit on Am.

116 ACKERSTAFF 98K looked for dielectron+E 1 final states at \/s=130-172 GeV. The
limit assumes 1 < —100 GeV, tan3=35, and zero efficiency for decays other than ep —

e%cl). The limit improves to 66.5 GeV for tan3=1.5.

117 ACKERSTAFF 97H searched for acoplanar et e™, assuming the MSSM with universal
scalar mass and tan/3=1.5 but conservatively did not take the possible €, production into

account. The limit improves to 68 GeV for the lightest allowed >~<(1) while it disappears
for A(m) < 3 GeV. The study includes data from e e™ collisions at 1/s=161 GeV, as
well as 130-136 GeV (ALEXANDER 978).

118 BARATE 97N uses et e~ data collected at v/s=161 and 172 GeV. The limit is for
tan8=2. It improves to 75 GeV if A(m) >35 GeV.

119 BARATE 97N limit from ALCARAZ 96 limit on Z invisible-decay width and N,=3,
independent of decay mode. Limit improves to 41 GeV for degenerate right-handed
sleptons.

120 ABREU 960 bound assumes ’u’ >200 GeV. The limit on Mes obtained by assuming a
heavy €, reduces to below 48 GeV. Data taken at /s = 130-136 GeV.

121 ACCIARRI 96F searched for acoplanar electron pairs. The limit is on Mg under
the assumption of a universal scalar mass in the range 0<m<100 GeV. It assumes
0<M<200 GeV, —200 < p <0GeV, tanB = 1.5. The corresponding limit for for m~

€L
is 64 GeV. The bound on mz_ (mg ) improves to 58 GeV (70 GeV) for m(,=0. Data
R €L

X
taken at /s = 130-136 GeV.

122 AID 96¢ used electron+jet events with missing energy and momentum to look for eq —
€q via neutralino exchange with decays into (eXcl))(qXCI)). See the paper for dependences

on ma, m>~<(1)

123 BUSKULIC 96K searched for acoplanar electron pairs. The bound disappears for
A(m) <10 GeV, while it improves to 59 GeV for m>~<O:O. If 1 is small and the LSP

1
higgsino-dominated, no bound beyond m 7 /2 exists. Data taken at /s = 130-136 GeV.
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124 SUGIMOTO 96 looked for single photon production from et e~ annihilation at Vs=
57.8 GeV. The lower bound improves to 65.5 GeV for a massless photino.

1255yGIMOTO 96 combined FORD 86, BEHREND 888, HEARTY 89, HOSODA 94,
ABE 95A, and SUGIMOTO 96 results. The lower bound improves to 79.3 GeV for a
massless photino.

126 ABE 95A looked for single photon production from et e~ annihilation at /5= 58 GeV.
The lower bound improves to 47.2 GeV for a massless photino.

C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

127 BUSKULIC 95E looked for Z — E;EE where ep — eXCI) and Xcl) decays via R-parity
violating interactions into two leptons and a neutrino.

128 ADRIANI 93M used acolinear di-lepton events.

129 DECAMP 92 limit improves for equal masses. They looked for acoplanar electrons.

130 AKESSON 908 assume mx = 0. Very similar limits hold for m~ 5 20 GeV.

Y Y

131 AKRAWY 90D look for acoplanar electrons. For mz > m<_, limit is 41.5 GeV, for

my < 30 GeV.

eL €R

132BAER 90 limit from AT (Z) (nonhadronic) < 53 MeV. Independent of decay modes.
Mininal supersymmetry and tan3 > 1 assumed.

133 DECAMP 90C look for acoplanar electrons. For mz > mx_limit is 42 GeV, for

my < 33 GeV.

€L €R

134 ZHUKOVSKII 90 set limit by saying the luminosity of a magnetized neutron star due to
massless photino emission by electrons be small compared with its neutrino luminosity.

135 ADACHI 89 assume only photon and photino exchange and my, = Mg, The limit for

€R

the nondegenerate case is 26 GeV.
136 ADEVA 898 look for acoplanar electrons.

137 ALBAJAR 89 limit applies for EI_ when mgL =m

ol and my = 0. See their Fig. 55 for

the 90% CL excluded region in the my, — my, plane. For my; = mz = 0, limit is 50

GeV.

5

138 AL BAJAR 89 assume m~ = 0.

5

139 HEARTY 89 assume m~ = 0. The limit is very sensitive to mz; no limit can be placed
for my Z 13 GeV.

Y Y

140 The limit is reduced to 43 GeV if only one e state is produced (&; or ep very heavy).

141 BEHREND 88B limits assume pure photino eigenstate and my, = Mgy
142 The 95% CL limit for BEHREND 888 is 47.5 GeV for m= = 0. The limit for mg >
mee is 40 GeV at 90% CL.
i (Smuon) MASS LIMIT
Limits assume my, = myo unless otherwise stated.
In the Listings below, we use A(m):mﬁ — mxo- When limits on mpy, are quoted,

it is understood that limits on my, are usually at least as strong.

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

>55 95 143 ACCIARRI 98F L3 Am>5GeV, fifjin |
>55.6 95 144 ACKERSTAFF 98K OPAL A(m) >4 GeV, jifjip |
>59 95 145 BARATE 97N ALEP  A(m) > 10 GeV, ik fip |
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o o o We do not use the following data for averages, fits, limits, etc. @ o o

>51 905 140 ACKERSTAFF 97H OPAL A(m) > 5 GeV, jifsjip
>35 o5 147 BARATE 97N RVUE fip, MMV(2)

>51 95 148 ABREU 960 DLPH A(m) >5 GeV, it~
>45.6 o5  l49BUSKULIC 95 ALEP 7 — uvt?

>45 95 ADRIANI 93M L3 30 <40 GeV, ik jig
>45 95 DECAMP 92 ALEP s <41 GeV, ik jig
>36 95 ABREU 906 DLPH mz < 33 GeV; it i~
>43 95 150 AKRAWY 90D OPAL  my < 30 GeV; ata—
>38.1 90 151 BAER 90 RVUE Jjij;(Z); tang > 1
>42.6 95  152pgcamp 90C ALEP  ms < 34 GeV; T
>27 95 SAKAI 9 AMY my < 18 GeV; pta—
>24.5 95 TAKETANI 90 VNS m5 <15 GeV; pt
>24.5 95 153 ADACHI 89 TOPZ ms < 0.8mpy; it i~
>41 95 154 ADEVA 898 L3 ms < 20 GeV; pta

143 ACCIARRI 98F looked for dimuon+E final states at /5=130-172 GeV. The limit

assumes p=—200 GeV, and zero efficiecny for decays other than ip — ,u>~<(1). See their
Fig. 6 for the dependence of the limit on Am.

144 ACKERSTAFF 98K looked for dimuon+£ 1 final states at 1/s=130-172 GeV. The limit
assumes u < —100 GeV, tanf3=1.5, and zero efficiency for decays other than pip —

pX9. The limit improves to 62.7 GeV for B(iig — uX{)=1.

145 BARATE 97N uses e e data collected at v/s=161 and 172 GeV. The limit assumes
B — ui9) — 1

146 ACKERSTAFF 97H limit is for mso >12 GeV allowed by their chargino, neutralino
1

search, and for tang > 1.5 and ’u’ > 200 GeV. The study includes data from ete™
collisions at 1/s=161 GeV, as well as at 130-136 GeV (ALEXANDER 978B).

147 BARATE 97N limit from ALCARAZ 96 limit on Z invisible-decay width and N,,=3,
independent of decay mode. Limit improves to 41 GeV for degenerate right-handed
sleptons.

148 Data taken at /s = 130-136 GeV.

149 BYSKULIC 95 looked for Z — ﬁg ﬁE where fip — chl) and Xcl) decays via R-parity
violating interactions into two leptons and a neutrino.

150 AKRAWY 90D look for acoplanar muons. For mﬁL > mﬁR' limit is 41.0 GeV, for
mzy < 30 GeV.

151 BAER 90 limit from AT (Z) (nonhadronic) < 53 MeV. Independent of decay modes.
Mininal supersymmetry and tan8 > 1 assumed.

152 pECAMP 90C look for acoplanar muons. For m~ > m o limit is 40 GeV, for mz <

AL u
30 GeV.
153 ADACHI 89 assume only photon exchange, which gives a conservative limit. my, =

my o assumed. The limit for nondegenerate case is 22 GeV.

154 ADEVA 898 look for acoplanar muons.
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7 (Stau) MASS LIMIT

Limits assume m= = mxz unless otherwise stated.
L TR

In the Listings below, we use A(m)=m~ — mso- The limits depend on the potentially
1

large mixing angle of the lightest mass eigenstate 71 = Tpgsind,_ + 7;sinf_. The
coupling to the Z vanishes for 0. = 0.82.

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT
>53 o5 155 BARATE 97N ALEP  A(m) > 30 GeV, |
0,.=m/2
>47 95 155 BARATE 97N ALEP  A(m) > 30 GeV, |
97__:0.82
>35 95 156 BARATE 97N RVUE 7p, [NV(2) |
>44 95 157 ADRIANI 93m L3 myo <38 GeV, 77~
1
>45 95 158 pECAMP 92 ALEP myo <38 GeV, 717~
1
>43.0 05 159 AkrAWY 90D OPAL  my < 23 GeV; 7t
o o o We do not use the following data for averages, fits, limits, etc. @ o o
>45.6 95 160 BUSKULIC 958 ALEP 7 — ru 7
>35 95 ABREU 906 DLPH mz < 25 GeV; 77—
>38.1 90 161 BAER 90 RVUE 7; [(Z);tan8 > 1
>40.4 95 162 pgcamp 90C ALEP ms < 15 GeV; 7t
>25 95 SAKAI 9 AMY mz < 10 GeV; Fr7—
>25.5 95 TAKETANI 90 VNS m5 <15 GeV; Fri—
>21.7 95 163 ADACHI 89 TOPZ ms=0; FtF-
155 BARATE 97N uses e e data collected at v/s=161 and 172 GeV. I

156 BARATE 97N limit from ALCARAZ 96 limit on Z invisible-decay width and N,,=3,
independent of decay mode. Limit improves to 41 GeV for degenerate right-handed
sleptons.

ADRIANI 93M limit is for m7~_L > m7~_R.

158 DECAMP 92 limit is for mz > mzo; for equal masses the limit would improve. They
looked for acoplanar particles.
159 AKRAWY 90D look for acoplanar particles. For mz > mz_, limit is 41.0 GeV, for

TR
my, < 23 GeV.

160 BUSKULIC 95E looked for Z — ?g ?E, where Tp — TXCI) and Xcl) decays via R-parity
violating interactions into two leptons and a neutrino.

161 BAER 90 limit from AT (Z) (nonhadronic) < 53 MeV. Independent of decay modes.
Mininal supersymmetry and tan3 > 1 assumed.

162 pECAMP 90C look for acoplanar charged particle pairs. Limit is for my = mz,. For

my, < 24 GeV, the limit is 37 GeV. For m= > m=_and mz < 15 GeV, the limit

TL TR Y
is 33 GeV.

ADACHI 89 assume only photon exchange, which gives a conservative limit. my =

m~ _ assumed.
TR
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Stable £ (Slepton) MASS LIMIT
Limits on scalar leptons which leave detector before decaying. Limits from Z decays
are independent of lepton flavor. Limits from continuum e e~ annihilation are also
independent of flavor for smuons and staus. However, selectron limits from continuum
et e~ annihilation depend on flavor because there is an additional contribution from
neutralino exchange that in general yields stronger limits. All limits assume m~ =

f
m~ unless otherwise stated.
LR
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT
>65 95 164 ABREU 970 DLPH i, or 7g
>67 95 165 BARATE 97K ALEP [ip, 7R
e o o We do not use the following data for averages, fits, limits, etc. e o o
>40 95 ABREU 90G DLPH
>26.3 95 ADACHI 90Cc TOPZ 5, 7
>38.8 95 AKRAWY 900 OPAL /g
>27.1 95 166 sAKAl 90 AMY
>32.6 95 SODERSTROM90 MRK2
>24.5 95 167 ADACHI 89 TOPZ

164 ABREU 97D bound applies only to masses above 45 GeV. The mass limit improves to I
68 GeV for 1), 7/ . Data collected in eT e collisions at \/s=130-172 GeV.

165 BARATE 97K uses e T e data collected at v/s = 130-172 GeV. The mass limit improves
to 69 GeV for fi; and 7.

166 SAKAI 90 limit improves to 30.1 GeV for & if ms o~ mg.

e

167 ADACHI 89 assume only photon (and photino for €) exchange. The limit for € improves
to 26 GeV for myz ~ m-=.

¥ e

q (Squark) MASS LIMIT

For my > 60-70 GeV, it is expected that squarks would undergo a cascade decay

via a number of neutralinos and/or charginos rather than undergo a direct decay to
photinos as assumed by some papers. Limits obtained when direct decay is assumed
are usually higher than limits when cascade decays are included. The limits from Z
decay do not assume GUT relations and are more model independent.

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

> 224 95 168 ABE 96D CDF mg < mg; with cas-
cade decays

> 176 95 169 ABACHI 95C DO Any mz <300 GeV;
with cascade decays

> 212 95 169 ABACHI 95C DO mg < mg; with cascade
decays

o o o We do not use the following data for averages, fits, limits, etc. @ o o

> 216
none 130-573
none 190-650

> 215

170 paTTA 97 THEO 7's lighter than >~<1i X9

95 171 pERRICK 97 ZEUS ep — G, g — pjor
Tj, R-parity violation

95  1T2HEWETT 97 THEO g% — §, 3 — qz&.
with a light gluino

95 173 TEREKHOV 97 THEO qgg — dg, q — qg,
with a light gluino

95 174 AID 96 H1 ep — q, R-parity viola-
tion, A=0.3
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> 150 95 174 AID 96 H1  ep — §, Rparity viola- |
tion, A=0.1
> 63 95 175 AID 9C HL  mg=mg, myo=35 GeV |
none 330—400 95 176 TEREKHOV 96 THEO ug — ug, U — ug |
with a light gluino
177 ABE 95T CDF g — X3 — X{ny
> 453 95 178 BUSKULIC 958 ALEP g — qut?'
> 239 95 179 AHMED 948 H1 ep — §; R-parity viola-
tion, A=0.30
> 135 95 179 AHMED 948 H1 ep — g; R-parity viola-
tion, A=0.1
> 353 95 180 ADRIANI 93m L3 Z — uu, r(z)
> 36.8 95 180 ApRIANI 93m L3 Z — dd, 1(2)
> 90 90 181 ABE 92L CDF  Any mz <410 GeV;
with cascade decay
> 218 90 182 ABE 92L CDF mg = mgy; with cascade
decay
> 180 90 181 ABE 92L CDF  mg < mg; with cas-
cade decay
> 100 183 ROy 92 RVUE pp — qg; R-parity vio-
lating
184 NOJIRI 91 COSM ~
> 45 95 185 ABREU 90F DLPH Z — gg,
ms < 20 GeV
> 43 95 186 ABREU 90F DLPH Z — dd,
ms < 20 GeV
v
> 42 95 187 ABREU 90F DLPH Z — uu,
ms < 20 GeV
> 27.0 95 ADACHI 90C TOPZ Stable &, U
> 74 90 188 ALITTI 9 UA2  Any mg;
B(g — qgor g7)
=1
> 106 900 188 ALITTI 90 UA2  mg=mg
_B@— g9)=1
> 39.2 90  189BAER 90 RVUE d;;I(Z)
> 45 05 190,191 BARKLOW 90 MRK2 Z — ggq
> 40 05 190,192 BARKLOW 90 MRK2 Z — dd
> 39 05 190,193 BARKLOW 90 MRK2 Z — @u
>1100 GRIFOLS 90 ASTR mz <1MeV
> 24 95 SAKAI 90 AMY ete — dd— dd77;
ms < 10 GeV
> 26 95 SAKAI 90 AMY ete™ — Uu— uud7;
ms < 10 GeV
> 263 95 194 ADACHI 80 TOPZ ete” — Ggq—
qgyy
195 NATH 88 THEO 7(p — vK) in super-
gravity GUT
> 45 90 196 ALBAJAR 87D UAL  Any mz > mg
> 75 90 196 ALBAJAR 87D UAL  mz = m;

168 ABE 96D searched for production of gluinos and five degenerate squarks in final states
containing a pair of leptons, two jets, and missing E1. The two leptons arise from the
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semileptonic decays of charginos produced in the cascade decays. The limit is derived for
fixed tang = 4.0, u = —400 GeV, and my = 500 GeV, and with the cascade decays

of the squarks and gluinos calculated within the framework of the Minimal Supergravity

scenario.
169

ABACHI 95C assume five degenerate squark flavors with mg = mg.. Sleptons are

assumed to be heavier than squarks. The limits are derived for fixed tang = 2.0 p =
—250 GeV, and myy =500 GeV, and with the cascade decays of the squarks and gluinos
calculated within the framework of the Minimal Supergravity scenario. The bounds are
weakly sensitive to the three fixed parameters for a large fraction of parameter space.
No limit is given for Mgluino >b47 GeV.

170 pATTA 97 argues that the squark mass bound by ABACHI 95C can be weakened by
10-20 GeV if one relaxes the assumption of the universal scalar mass at the GUT-scale

so that the X

V.
171 DERRICK 97 looked for lepton-number violating final states via R-parity violating cou-

!/ !/ !/ ~

plings AijkLl' Qj dj.. When )‘llk)‘ijk # 0, the process eu — d’; — ¢ uj is possible.
/ / — _ _

When >‘1j1>‘ijk # 0, the process ed — u;'f — {;d) is possibka. 100% branching

fraction ¢ — £j is assumed. The limit quoted here corresponds to t — 7 q decay, with

X =0.3. For different channels, limits are slightly better. See Table 6 in their paper.

172 HEWETT 97 reanalyzed the limits on possilbe resonances in di-jet mode (¢ — qg)

from ALITTI 93 quoted in “Limits for Excited g (¢™) from Single Production,” ABE 96
in “SCALE LIMITS for Contact Interactions: A(gqqq),” and unpublished CDF, D@
bounds. The bound applies to the gluino mass of 5 GeV, and improves for lighter gluino.
The analysis has gluinos in parton distribution function.

173 TEREKHOV 97 improved the analysis of TEREKHOV 96 by including di-jet angular
distributions in the analysis.

174 AID 96 looked for first-generation squarks as s-channel resonances singly produced in ep
collision via the R-parity violating coupling in the superpotential W=MAL{ Q;d;. The
degeneracy of squarks Q1 and dy is assumed. Eight different channels of possible squark

:i:,>~<(2) in the squark cascade decays have dominant and invisible decays to

decays are considered.
175 AID 96C used electron+jet events with missing energy and momentum to look for eq — I

€q via neutralino exchange with decays into (e>~<(1))(q>~<(1)) See the paper for dependences I

on mAé, m>~<(1)

176 TEREKHOV 96 reanalyzed the limits on possible resonances in di-jet mode (0 — ug)
from ABE 95N quoted in “MASS LIMITS for g (axigluon).” The bound applies only
to the case with a light gluino.

177 ABE 95T looked for a cascade decay of five degenerate squarks into >~<(2) which further

decays into >~<(1) and a photon. No signal is observed. Limits vary widely depending on

the choice of parameters. For u = —40 GeV, tan3 = 1.5, and heavy gluinos, the range
50<m6 (GeV)<110 is excluded at 90% CL. See the paper for details.

178 BUSKULIC 95E looked for Z — g, where § — chl) and Xcl) decays via R-parity
violating interactions into two leptons and a neutrino.
179 AHMED 948 looked for squarks as s-channel resonance in ep collision via R-parity vio-

lating coupling in the superpotential W = AL Q1 dq. The degeneracy of all squarks @
and dy is assumed. The squarks decay dominantly via the same R-violating coupling into

eqoruvgqif )\Z 0.2. For smaller A\, decay into photino is assumed which subsequently
decays into eqq, and the bound depends on mz. See paper for excluded region on

(ma,)\) plane.

5

180 ADRIANI 93M limit from AT(Z)< 35.1 MeV and assumes m~= > m~

q ar’
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181 ABE 92L assume five degenerate squark flavors and my, = Mge: ABE 92L includes the

effect of cascade decay, for a particular choice of parameters, p = —250 GeV, tang =

2. Results are weakly sensitive to these parameters over much of parameter space. No

limit for my < 50 GeV (but other experiments rule out that region). Limits are 10-20

GeV higher if B(§ — g7) = 1. Limit assumes GUT relations between gaugino masses

and the gauge coupling; in particular that for ’u’ not small, mso ~ m§/6. This last
1

relation implies that as m+ increases, the mass of >~<(1) will eventually exceed mg so that

no decay is possible. Even before that occurs, the signal will disappear; in particular no

bounds can be obtained for mz >410 GeV. mH+:5OO GeV.

182 ABE 921 bounds are based on similar assumptions as ABACHI 95C. No limits for
M gluino >410 GeV.

183 ROY 92 reanalyzed CDF limits on di-lepton events to obtain limits on squark production
in R-parity violating models. The 100% decay § — gX where X is the LSP, and the
LSP decays either into {qd or £{€ is assumed.

184 NOJIRI 91 argues that a heavy squark should be nearly degenerate with the gluino in
minimal supergravity not to overclose the universe.
185 ABREU 90F assume six degenerate squarks and mg = m~= < 41 GeV is excluded

=m= .
L ar q
at 95% CL for m gp < m6—2 GeV.

180 ABREU 90F exclude m~ < 38 GeV at 95% for m gp < m~—2 GeV.

187 ABREU 90F exclude my; < 36 GeV at 95% for m gp < my—2 GeV.
188 ALITTI 90 searched for events having > 2 jets with Ell- > 25 GeV, E%- > 15 GeV,
’77’ < 0.85, and A¢p < 160°, with a missing momentum > 40 GeV and no electrons.
~ ~ 4t . » ~ ~ s . » . <
They assume g — g7 (if mg < mg) orqg — qg (if mg > mg) decay and my

5
20 GeV. Five degenerate squark flavors and my, = my, are assumed. Masses below
50 GeV are not excluded by the analysis.

189 o ; - = m~ = m~ — m~
BAER 90 limit from Al'(Z) < 120 MeV, assuming mdL =my = mg = my. Inde-

pendent of decay modes. Minimal supergravity assumed.
190 BARKLOW 90 assume 100% § — q7.
191 BARKLOW 90 assume five degenerate squarks (left- and right-handed). Valid up to

m>~<(1) 5 [ma—4 GeV].
192 BARKLOW 90 result valid up to mg < [m~-5 GeV].
1

193 BARKLOW 90 result valid up to m my;—6 GeV].

X0 S
194 ADACHI 89 assume only photon exchange, which gives a a conservative limit. The limit
is only for one flavor of charge 2/3 q. my, = Mg and my = 0 assumed. The limit
decreases to 26.1 GeV for my = 15 GeV. The limit for nondegenerate case is 24.4 GeV.
195 NATH 88 uses Kamioka limit of T(p — UK"‘) > 7x 1031 yrs to constrain squark mass

m~= > 1000 GeV by assuming that the proton decay proceeds via an exchange of a

q
color-triplet Higgsino of mass < 1016 GeV in the supersymmetric SU(5) GUT. The limit
applies for mz = (8/3) sin29Wr712 > 10 GeV (my is the SU(2) gaugino mass) and for

Y
a very conservative value of the three-quark proton wave function, barring cancellation

between second and third generations. Lower squark mass is allowed if my as defined

above is smaller. _
196 The limits of ALBAJAR 87D are from pP — qgX (g — ¢g7) and assume 5 flavors of

degenerate mass squarks each with my, = Mgy They also assume mg > mg. These

limits apply for mz 5 20 GeV.
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b (Sbottom) MASS LIMIT

Limits in et e depend on the mixing angle of the mass eigenstate Bl = BLCOSQb +
bpsindy. Coupling to the Z vanishes for 6, ~ 1.17. In the Listings below, we use

Am=m+ — mzp.
by X9
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT
e o o We do not use the following data for averages, fits, limits, etc. @ o
>69.7 95 197 ACKERSTAFF 97Q OPAL b — bX{, 0,=0, |
_ A(m) > 8 GeV
~73 o5 198 BARATE 97Q ALEP b — bX9, 6,=0, |
~ A(m) >10 GeV
>53 95 199 ABREU 960 DLPH b — bX0, 0,=0, |
_ A(m) >20 GeV
>61.8 95 200 ACKERSTAFF 96 OPAL b — bX0, 6,=0, |

A(m) >8 GeV
197 ACKERSTAFF 97Q data taken at +/s=130-172 GeV. See paper for dependence on Op-
No limit for 0y ~ 1.17.
198 BARATE 97Q uses data at /s=161, 170, and 172 GeV. The limit disappears when
9b ~ 1.17.
199 Data taken at /s = 130-136 GeV.
200 ACKERSTAFF 96 also studied 6, dependence when there is a mixing by = b; cosfy, +

BRsinGb. Data taken at /s = 130, 136, and 161 GeV. See the paper for dependence
on 6p. No limit for 0y ~ 1.17.

t (Stop) MASS LIMIT

Limit depends on decay mode. In et e collisions they also depend on the mixing
angle of the mass eigenstate t| = t; cost; + tpsind;. Coupling to Z vanishes when

Qt = 0.98. In the Listings below, we use Am = m?l — m>~<(1) or Am = m?l — my,

depending on relevant decay mode. See also bounds in “g (Squark) MASS LIMIT."

VALUE (GeV) CL% DOCUMENT ID TECN  COMMENT
> 733 05 201 ACKERSTAFF 97q OPAL T — cX?, 6,=0, A(m) > 10 |
GeV _
> 65.0 95 201 ACKERSTAFF 97Q OPAL & — cX{, 6,=0.98, A(m) > |
201 10 GeV
> 67.9 95 01 ACKERSTAFF 97Q OPAL t — b(7, 6,=0, A(m) > 10 |
_ GeV
> 56.2 95 201 ACKERSTAFF 97Q OPAL f — b7, 0,=0.98, A(m) > |
201 10 GeV
> 66.3 95 ACKERSTAFF 97Q OPAL  — bt 0,=0, A(m) > 10 |
_ GeV
> 54.4 95 201 ACKERSTAFF 97Q OPAL t — b7, 6,=0.98, A(m) > |
10 GeV
> 67 95 202 BARATE 97Q ALEP  — cX¥, any 6,, A(m) > 10 |
202 _ GeV
> 70 95 02 BARATE 97Q ALEP T — b(D, any 0;, A(m) > 10 |
_ GeV
> 64 95 202 BARATE 97Q ALEP T — bru_, any 6, A(m) > |
10 GeV
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o o o We do not use the following data for averages, fits, limits, etc. @ o o

none 61-91 95 203 ABACHI 968 DO t— cX9, mgy <30 GeV
_ 1
> 54 95 204 ABREU 960 DLPH & — cX{, 6,=0, A(m) >5
_ GeV_
> 52 95 204 ACCIARRI  96F L3 t— cX9,0,=0, A(m) >8
GeV _
> 65.4 95 205 ACKERSTAFF 96 OPAL t— cX9,0,=0, A(m) >10
_ GeV _
> 56.8 95 205 ACKERSTAFF 96 OPAL t— cX9,0,=0.98,
A(m) >10 GeV
> 60.6 95 205 ACKERSTAFF 96 OPAL t — b(p, 6,=0, A(m) >10
GeV __
none 9-24.4 95 206 AID 96 H1 ep — tt, R-parity violating
decaxs
>138 95 207 AID 96 H1 ep — t, R-parity violation,
)\c0596 > 0.03
> 48 95  204BUSKULIC ~ 96K ALEP t— cX!, 0,=0, A(m) >18
GeV _
> 57 95  204BUSKULIC ~ 96K ALEP t — cX?, f,=m/2, A(m) >14
GeV
> 45 208 cHO 96 RVUE B9-BO and ¢, 9,= 0.98,
tang <2 ~
none 11-41 95  209BUSKULIC ~ 95 ALEP 6,=0.98, t — cv (¥
none 6.0-41.2 95 AKERS 94K OPAL T — cX{, 0,=0, A(m) >2
GeV _
none 5.0-46.0 95 AKERS 94K OPAL & — cX{, 0,=0, A(m) >5
GeV _
none 11.2-25.5 95 AKERS 94K OPAL & — cX?, 6,=0.98, A(m) >2
GeV _
none 7.9-412 95 AKERS 94K OPAL T — cX{, 0,=0.98, A(m) >5
GeV _
none 7.6-28.0 95 210 gH|RAl 94 VNS t— cX?, any 0, A(m) >10
_ GeV _
none 10-20 95 210 gHRAI 94 VNS t— X, any 0, A(m)>25
GeV

201 ACKERSTAFF 97Q looked for t pair production. Data taken at /s=130, 136, 161, 170,
and 172 GeV. Unless the /=7 decay mode is explicitly indicated, the same branching
fractions to £=e, u, and 7 are assumed for b{vy modes. See Table 7 and Figs. 8-10 for
other choices of 6, A(m), and leptonic branching ratios.

202 BARATE 97Q uses et e~ data at v/s=161, 170, and 172 GeV. Unless the /=7 decay
mode is explicitly indicated, the same branching fractions to ¢=e, u, and 7 are assumed
for bfvy modes. See their Figs. 4 and 5 for other choices of 6;, A(m), and leptonic
branching ratios.

203 ABACHI 968 searches for final states with 2 jets and missing E7. Limits on my are
given as a function of mzo- See Fig. 4 for details.
1

204 Data taken at /s = 130-136 GeV.

205 ACKERSTAFF 96 looked for £ pair production. See the paper for §; and A(m) dependece
of the limits. Data taken at /s = 130, 136, and 161 GeV.

206 AID 96 considers photoproduction of tt pairs, with 100% R-parity violating decays of t
to eq, with g=d, s, or b quarks.

207 AID 96 considers production and decay of t via the R-parity violating coupling in the
superpotential W=AL; Q3dy.
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208 CHO 96 studied the consistency among the B0_BO mixing, € in K0_KO mixing, and I
the measurements of V., V,,;/V,p. For the range 25.5 GeV<m?1 <mz/2 left by
AKERS 94K for 6, = 0.98, and within the allowed range in M5-u parameter space from
chargino, neutralino searches by ACCIARRI 95E, they found the scalar top contribution
to B0-BO mixing and e to be too large if tan3 <2. For more on their assumptions, see
the paper and their reference 10.

209 BUSKULIC 95E looked for Z — ??, where t — cXcl) and Xcl) decays via R-parity violating
interactions into two leptons and a neutrino.

210 SHIRAI 94 bound assumes the cross section without the s-channel Z-exchange and the
QCD correction, underestimating the cross section up to 20% and 30%, respectively.
They assume m_=1.5 GeV.

Heavy g (Gluino) MASS LIMIT
For m > 60-70 GeV, it is expected that gluinos would undergo a cascade decay
via a number of neutralinos and/or charginos rather than undergo a direct decay to
photinos as assumed by some papers. Limits obtained when direct decay is assumed
are usually higher than limits when cascade decays are included.

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT
>173 95 211 ABE 97Kk CDF  Any mg; with cascade I
decays
>216 95 211 ABE 97Kk CDF mg=mg; with cascade I
decays
>224 95 212 ABE 96D CDF mg = mg; with cascade
decays
>154 95 212 ABE 96D CDF mz <ma; with cascade
decays
>212 95 213 ABACHI 95C DO mg > mg; with cascade
decays
>144 95 213 ABACHI 95C DO Any mg; with cascade
decays
o o ¢ We do not use the following data for averages, fits, limits, etc. @ o o
214 ABE 95T CDF g — X9 — XQy
215 HEBBEKER 93 RVUE ete™ jet analyses
>218 90 216 ABE 92L CDF  my < my; with cas-
cade decay
>100 90 216 ABE 92L CDF Any mg; with cascade
decay
>100 217 Roy 92 RVUE pp — gg; R-parity vio-
lating
>132 90 218 HIDAKA 91 RVUE
219 NOJIRI 91 COSM
> 79 90 220 ALITTI 9 UA2  Any mg;
B( — qg7) =1
>106 90 220 ALITTI 90 UA2  mgz=mg;

B(g — ¢g7) =1
221 NAKAMURA 89 SPEC RATT

none 4-53 90 222 ALBAJAR 87D UAL  Any mz > mg
none 4-75 90 222 ALBAJAR 87D UAL  my = mg
none 16-58 9 223 ANSARI 870 UA2  mz < 100 GeV
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211 ABE 97K searched for production of gluinos and five degenerate squarks in events with
three or more jets but no electrons or muons and missing transverse energy [/ > 60
GeV. The limit for any mg is for u=—200 GeV and tanf=2, and that for meg=mg is
for u=—400 GeV and tanf=4. Different choices for tan3 and u lead to changes of the
order of +10 GeV in the limits. See Footnote [16] of the paper for more details on the

assumptions.

212 ABE 96D searched for production of gluinos and five degenerate squarks in final states
containing a pair of leptons, two jets, and missing E1. The two leptons arise from the
semileptonic decays of charginos produced in the cascade decays. The limits are derived
for fixed tang8 = 4.0, u = —400 GeV, and my = 500 GeV, and with the cascade decays
of the squarks and gluinos calculated within the framework of the Minimal Supergravity
scenario. The bounds are weakly sensitive to the values of the three fixed parameters for
a large fraction of parameter space. See Fig. 2 for the limits corresponding to different
parameter choices.

213 ABACHI 95C assume five degenerate squark flavors with with mg, = Mgp: Sleptons

are assumed to be heavier than squarks. The limits are derived for fixed tanG = 2.0 p =
—250 GeV, and myy =500 GeV, and with the cascade decays of the squarks and gluinos

calculated within the framework of the Minimal Supergravity scenario. The bounds are
weakly sensitive to the three fixed parameters for a large fraction of parameter space.

214 ABE 95T looked for a cascade decay of gluino into >~<(2) which further decays into >~<(1) and a
photon. No signal is observed. Limits vary widely depending on the choice of parameters.
For u = —40 GeV, tan8 = 1.5, and heavy squarks, the range 50<m§ (GeV)<140 is
excluded at 90% CL. See the paper for details.

215 HEBBEKER 93 combined jet analyses at various et e~ colliders. The 4-jet analyses
at TRISTAN/LEP and the measured g at PEP/PETRA/TRISTAN/LEP are used. A
constraint on effective number of quarks N=6.3 + 1.1 is obtained, which is compared to
that with a light gluino, N=8.

216 ABE 920 bounds are based on similar assumptions as ABACHI 95C. Not sensitive to

Meluino

<40 GeV (but other experiments rule out that region).

217RoY 92 reanalyzed CDF limits on di-lepton events to obtain limits on gluino production
in R-parity violating models. The 100% decay g — qGX where X is the LSP, and the
LSP decays either into {qd or £{€ is assumed.

218 4IDAKA 91 limit obtained from LEP and preliminary CDF results within minimal su-
persymmetry with gaugino-mass unification condition. HIDAKA 91 limit extracted from
BAER 91 analysis.

219NOJIRI 91 argues that a heavy gluino should be nearly degenerate with squarks in minimal
supergravity not to overclose the universe.

220 ALITTI 90 searched for events having > 2 jets with Ell- > 25 GeV, E%- > 15 GeV,

’77’ < 0.85, and A¢ < 160°, with a missing momentum > 40 GeV and no electrons.

They assume g — q@7 decay and my, 5 20 GeV. Masses below 50 GeV are not

excluded by the analysis.

221 NAKAMURA 89 searched for a long-lived (7 2, 107 s) charge-(2) particle with mass
5 1.6 GeV in proton-Pt interactions at 12 GeV and found that the yield is less than
1078 times that of the pion. This excludes RATT (a guuu state) lighter than 1.6

GeV.

222 The limits of ALBAJAR 87D are from pp — g&X (g — qg7) and assume m= >

q

mg. These limits apply for m 5 20 GeV and 7(g) < 10— 10,
223 The limit of ANSARI 87D assumes m= > m~ and m~ ~ 0.

q g Y
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NOTE ON LIGHT GLUINO
Written March 1998 by H. Murayama (UC Berkeley).

It is controversial if a light gluino of mass below 5 GeV
is phenomenologically allowed. Below we list some of the most
important and least controversial constraints which need to be
met for a light gluino to be viable. For reviews on the subject,

see, e.g., Ref. 1.

1. Either m3 $1.5 GeV or mgz2 3.5 GeV to avoid
the CAKIR 94 limit. See also Ref. 2 for similar
quarkonium constraints on lighter masses.

2. The lifetime of the gluino or the ground state gluino-
containing hadron (typically, g§) must be > 10710 s
in order to evade beam-dump and missing energy
limits [1,2].

3. Charged gluino-containing hadrons (e.g. gud) must

decay into mneutral ones (e.g. R'(gg)r™ or
(Guii)e~ 7. ) with a lifetime shorter than about 10~7 s
to avoid the AKERS 95R limit. Older limits for
lower masses and shorter lifetimes are summarized
in Ref. 1.

4. The lifetime of RY — p%7, if allowed, must be out-
side the ADAMS 97B range. The R (guud) state,
which is believed to decay weakly into S°(guds)m™
(FARRAR 96), must be heavier than 2 GeV or have
lifetime 7, 2 1 ns or 7, S50 ps (e.g. if the strong
decay into SYK ™ is allowed), or its production cross
sections must be at least a factor of 5 smaller than
those of hyperons, to avoid ALBUQUERQUE 97

limit.
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5. mg > 6.8 GeV (95% CL) if the “experimental opti-

mization” method of fixing the renormalization scale
is valid and if the hadronization and resummation
uncertainties are as estimated in BARATE 97L,
from the Dy event shape observable in Z° de-
cay. The 4-jet angular distribution is less sensi-
tive to renormalization scale ambiguities and yields
a 90%CL exclusion of a light gluino (DEGOU-
VEA 97). A combined LEP analysis based on all
the Z° data and using the recent NLO calcula-
tions [3] is warranted.

6. Constraints from the effect of light gluinos on
the running of «gs apply independently of the
gluino lifetime and are insensitive to renormaliza-
tion scale. They disfavor a light gluino at 70% CL
(CSIKOR 97), which improves to more than 99%

with jet analysis.
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Long-lived/light g (Gluino) MASS LIMIT

Limits on light gluinos (mg < 5 GeV), or gluinos which leave the detector before

decaying.
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT
o o o We do not use the following data for averages, fits, limits, etc. @ o o
224 ADAMS 978 KTEV pN — RO — ;0%
225 ALBUQUERQ..97 E761 Rt (uudg)—
SO(udsg)rt,
X (ssdg)— SOr—
>6.3 95 226 BARATE 97L ALEP Color factors
>5 99 227 CSIKOR 97 RVUE 2 function, Z — jets
>15 90 228 DEGOUVEA 97 THEO Z — jjjj
229 FARRAR 96 RVUE RO — 0%
none 1.9-13.6 95 230 AKERS 95R OPAL Z decay into a long-lived
(Eqq)*
<0.7 231 CLAVELLI 95 RVUE quarkonia
none 1.5-3.5 232 CAKIR 94 RVUE 7(1S) — ~+ gluinon-
um
not 3-5 233 | oPEZ 93c RVUE LEP
~ 4 234 CLAVELLI 92 RVUE ag running
235 ANTONIADIS 91 RVUE «g running
>1 236 ANTONIADIS 91 RVUE pN — missing energy
>3.8 90 237 ARNOLD 87 EMUL n— (350 GeV). o ~ Al
>3.2 90 237 ARNOLD 87 EMUL 7~ (350 GeV). o ~
A0.72
none 0.6-2.2 90  238TUTS 87 CUSB T(1S) — ~+ gluinon-
um
none 1 —4.5 90 239 ALBRECHT 86c ARG 1x 10711 < » <
1x 10" 9%
none 1-4 90 240 BADIER 86 BDMP 1x 10710 « - <
1x 10~ 7s
none 3-5 241 BARNETT 86 RVUE pp — gluino gluino
luon
none 242 \/OLOSHIN 86 RVUE If (iuasi) stable; guud
none 0.5-2 243 COOPER-... 858 BDMP For m =300 GeV
none 0.5-4 243 COOPER-... 858 BDMP For mg <65 GeV
none 0.5-3 243 COOPER-... 858 BDMP For mz=150 GeV
none 2—4 244 DAWSON 85 RVUE 7 >10"'s
none 1-2.5 244 pAWSON 85 RVUE For mz=100 GeV
none 0.5-4.1 90 245 FARRAR 85 RVUE FNAL beam dump
>1 246 GOLDMAN 85 RVUE Gluononium
>1-2 247 HABER 85 RVUE
248 BaLL 84 CALO
249 BRICK 84 RVUE
250 FARRAR 84 RVUE
>2 251 BERGSMA  83C RVUE For my <100 GeV
252 CHANOWITZ 83 RVUE gud, guud
>2-3 253 KANE 82 RVUE Beam dump
>1.5-2 FARRAR 78 RVUE R-hadron

224 ADAMS 97B looked for po — 7wt a7~ as a signature of Roz(gg) bound states. The

experiment is sensitive to an RO mass range of 1.2—4.5 GeV and to a lifetime range of
HTTP://PDG.LBL.GOV
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1010103 sec. Precise limits depend on the assumed value of mRO/mi' See Fig. 7
for the excluded mass and lifetime region.

225 ALBUQUERQUE 97 looked for weakly decaying baryon-like states which contain a light
gluino, following the suggestions in FARRAR 96. See their Table1 for limits on the
production fraction. These limits exclude gluino masses in the range 100-600 MeV for
the predicted lifetimes (FARRAR 96) and production rates, which are assumed to be
comparable to those of strange or charmed baryons.

226 BARATE 97L studied the QCD color factors from four-jet angular correlations and the
differential two-jet rate in Z decay. LImit obtained from the determination of nf =
4.24 + 0.29 £ 1.15, assuming Tg/Cg=3/8 and C4/Cr=9/4.

227 CSIKOR 97 combined the ag from a(e+ e~ — hadron), 7decay, and jet analysis in
Z decay. They exclude a light gluino below 5 GeV at more than 99.7%CL.

228 DEGOUVEA 97 reaanalyzed AKERS 95A data on Z decay into four jets to place con-
straints on a light stable gluino. The mass limit corresponds to the pole mass of 2.8
GeV. The analysis, however, is limited to the leading-order QCD calculation.

229 FARRAR 96 studied the possible Roz(Eg) component in Fermilab E799 experiment and

used its bound B(K(Z — 70 vr) < 5.8 X 1072 to place constraints on the combination

of RO production cross section and its lifetime.

C. Caso et al. (Particle Data Group), European Physical Journal C3, 1 (1998)

230 AKERS 95R looked for Z decay into gGg g, by searching for charged particles with dE/ dx
consistent with g fragmentation into a state (g qa):t with lifetime 7 > 10~/ sec. The
fragmentation probability into a charged state is assumed to be 25%.

231 CLAVELLI 95 updates the analysis of CLAVELLI 93, based on a comparison of the
hadronic widths of charmonium and bottomonium S-wave states. The analysis includes
a parametrization of relativisitic corrections. Claims that the presence of a light gluino
improves agreement with the data by slowing down the running of ag.

232 CAKIR 94 reanalyzed TUTS 87 and later unpublished data from CUSB to exclude I
pseudo-scalar gluinonium ng(gg) of mass below 7 GeV. it was argued, however, that

the perturbative QCD calculation of the branching fraction 7" — 75 is unreliable for

gluino lifetime.

< 3 GeV. The gluino mass is defined by mEZ(mna )/2. The limit holds for any I

233 | OPEZ 93C uses combined restraint from the radiative symmetry breaking scenario within
the minimal supergravity model, and the LEP bounds on the (My,u) plane. Claims that
the light gluino window is strongly disfavored.

234 CLAVELLI 92 claims that a light gluino mass around 4 GeV should exist to explain the

discrepancy between «

s at LEP and at quarkonia (7), since a light gluino slows the

running of the QCD coupling.
235 ANTONIADIS 91 argue that possible light gluinos (< 5 GeV) contradict the observed
running of ag between 5 GeV and m 7. The significance is less than 2s.d.

236 ANTONIADIS 91 intrepret the search for missing energy events in 450 GeV/c p N colli-
sions, AKESSON 091, in terms of light gluinos.

237 The limits assume m= = 100 GeV. See their figure 3 for limits vs. m~.

q q

238 The gluino mass is defined by half the bound gg mass. If zero gluino mass gives a gg
of mass about 1 GeV as suggested by various glueball mass estimates, then the low-mass
bound can be replaced by zero. The high-mass bound is obtained by comparing the data
with nonrelativistic potential-model estimates.

239 ALBRECHT 86C search for secondary decay vertices from Xp1(1P) — ggg where g's
make long-lived hadrons. See their figure 4 for excluded region in the m+ — m+ and

g g

mg — my plane. The lower mz region below ~ 2 GeV may be sensitive to fragmentation

g

effects. Remark that the g-hadron mass is expected to be ~ 1 GeV (glueball mass) in
the zero g mass limit.

240 BADIER 86 looked for secondary decay vertices from long-lived g-hadrons produced at

300 GeV 7w~ beam dump. The quoted bound assumes g-hadron nucleon total cross
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section of 10ub. See their figure 7 for excluded region in the mg — my plane for several

assumed total cross-section values.

241 BARNETT 86 rule out light gluinos (m = 3-5 GeV) by calculating the monojet rate
from gluino gluino gluon events (and from gluino gluino events) and by using UA1 data
from pp collisions at CERN.

242 \/OLOSHIN 86 rules out stable gluino based on the cosmological argument that predicts
too much hydrogen consisting of the charged stable hadron guud. Quasi-stable (7 >

1.x 10_75) light gluino of mz <3 GeV is also ruled out by nonobservation of the stable

charged particles, guud, in high energy hadron collisions.

243 COOPER-SARKAR 858 is BEBC beam-dump. Gluinos decaying in dump would yield
7's in the detector giving neutral-current-like interactions. For m~ >330 GeV, no limit

is set.

q

244 DAWSON 85 first limit from neutral particle search. Second limit based on FNAL beam
dump experiment.

245 FARRAR 85 points out that BALL 84 analysis applies only if the g's decay before interact-
ing, i.e. ma <80m§1'5. FARRAR 85 finds mg <0.5 not excluded for ma = 30-1000
GeV and m <1.0 not excluded for mg = 100-500 GeV by BALL 84 experiment.

246 GOLDMAN 85 use nonobservation of a pseudoscalar g-g bound state in radiative 1)

decay.

247 HABER 85 is based on survey of all previous searches sensitive to low mass g's. Limit
makes assumptions regarding the lifetime and electric charge of the lightest supersym-

metric particle.

248 BALL 84 is FNAL beam dump experiment. Observed no interactions of 7 in the calorime-
ter, where 's are expected to come from pair-produced g's. Search for long-lived ¥
interacting in calorimeter 56m from target. Limit is for mg = 40 GeV and production

cross section proportional to AO-72 BALL 84 find no g allowed below 4.1 GeV at CL =
90%. Their figure 1 shows dependence on my and A. See also KANE 82.

249 BRICK 84 reanalyzed FNAL 147 GeV HBC data for R-A(1232) "+ with 7 > 1079
and p,p >2 GeV. Set CL = 90% upper limits 6.1, 4.4, and 29 microbarns in pp, *tp,

K+p collisions respectively. R-ATT is defined as being g and 3 up quarks. If mass =
1.2-1.5 GeV, then limits may be lower than theory predictions.
250 FARRAR 84 argues that mz <100 MeV is not ruled out if the lightest R-hadrons are

long-lived. A long lifetime would occur if R-hadrons are lighter than 5's or if m~ >100

GeV.

q

251 BERGSMA 83C is reanalysis of CERN-SPS beam-dump data. See their figure 1.

252 CHANOWITZ 83 find in bag-model that charged s-hadron exists which is stable against
strong decay if mz <1 GeV. This is important since tracks from decay of neutral s

hadron cannot be reconstructed to primary vertex because of missed 7. Charged s-hadron
leaves track from vertex.

53 KANE 82 inferred above g mass limit from retroactive analysis of hadronic collision and
beam dump experiments. Limits valid if g decays inside detector.

Supersymmetry Miscellaneous Results
Results that do not appear under other headings or that make nonminimal assumptions.

VALUE

DOCUMENT ID TECN COMMENT
o o o We do not use the following data for averages, fits, limits, etc. @ o o
254 ABACHI 97 DO vy X |
255 BARBER 848 RVUE

256 HOFFMAN 83 CNTR 7p — n(ete™)
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254 ABACHI 97 searched for pp — v ¥T+X as supersymmetry signature. It can be
caused by selectron, sneutrino, or neutralino production with a radiative decay of their
decay products. They placed limits on cross sections.

255 BARBER 848 consider that 1 and € may mix leading to p — e775. They discuss mass-
mixing limits from decay dist asym in LBL-TRIUMF data and et polarization in SIN
data.

256 HOFFMAN 83 set CL = 90% limit do/dt B(eTe™) < 3.5 x 10732 cm2/GeV2 for

spin-1 partner of Goldstone fermions with 140 <m <160 MeV decaying — et e™ pair.
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